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ABSTRACT 
The mam purpose of this study is to examme the influence of the different 
atmospheric oscillations on circumpolar cyclone activity. Many studies have been dedicated 
to the theorems about the El Nino-Southern Oscillation (ENSO), the North Atlantic 
Oscillation (NAO), and the Arctic Oscillation (AO) by using observational data and 
simulations. These atmospheric oscillations have a regional or global impact on climate 
change. 
This study's results show that the interannual and interdecadal variations revealed 
from the circumpolar cyclone activity can be affected by the anomalous circulation pattern 
under different atmospheric oscillations. The case numbers of circumpolar cyclones 
generated in East Asia have a high correlation with the ENSO events and those cyclones 
generated in North America with the NAO extreme phases. Furthermore, the life cycle of 
circumpolar cyclones matches with the variation of ENSO, and the length of the propagation 
fluctuates with the AO index. 
An in-depth comparison between the above observed interannual and interdecadal 
phenomena and the Empirical Orthogonal Function (EOF) results found that: 
1. The composite anomalous circulation patterns are able to represent the maJor 
atmospheric oscillation confirmed by the mathematical method. 
2. The anomalous AO interdecadal circulation shows the circumglobal oscillation of the 
polar vortex, combining the regional ENSO and NAO effects. 
Although the ENSO and NAO have regional influence on the general circulation in 
the North Pacific and North Atlantic, the AO revealed from the polar vortex oscillation is still 
Xl 
the primary impact on the propagation of circumpolar cyclone activity, especially for the 
interdecadal variation. 
1 
CHAPTER!. GENERALINTRODUCTION 
1.1 Motivation for the Study 
During winter in the Northern Hemisphere, cyclone activity with large amounts of 
precipitation and strong winds is the most commonly seen phenomenon in the 
mid-latitudes. From observations, these cyclones usually have a life cycle of seven to ten 
days and propagate 5000 to 7000 km. Some propagate for a longer duration and even 
make a complete circuit around the globe. Therefore, these global-propagating cyclones, 
or so-called circumpolar cyclones, are not only a regional atmospheric phenomenon, but 
also a worldwide influence on the most populated and economically important areas in 
the northern mid-latitude. 
In recent decades, some interannual atmospheric oscillations have been found to 
possibly correlate with the anomalous climate change. They are the E 1 Nino-Southern 
Oscillation (ENSO), the North Atlantic Oscillation (NAO), and the Arctic Oscillation 
(AO), etc. Since circumpolar cyclones are able to propagate around the globe, there 
could exist some relationships between the cyclones and the three oscillations. This study 
explores whether these oscillations influence the propagation of the circumpolar cyclones 
and their importance. On the other hand, climate change reflects an interdecadal trend for 
the most recent five decades, which can be another influence of the above three 
oscillations on the circumpolar cyclones. 
Additionally, a teleconnection of severe weather is observed in East Asia and 
North America. Numerous studies have shown that the shortwave train dominates the 
teleconnection. The shortwave component of streamfunction will be examined to 
2 
determine if severe weather happens under this modulation at the same time on both 
sides of the North Pacific. 
1.2 Hypothesis 
The different atmospheric oscillations can be observed regionally or globally 
from different anomalous circulation patterns. The anomalous sea surface temperature in 
the Nifio3.4 area induces the warm/cold ENSO events by the temperature gradients 
impacting the circulation pattern and also induces the PNA (Pacific-North America) 
pattern in the Northern Hemisphere. Moreover, the different amount of warm water from 
the North Atlantic Ocean flowing into the Arctic Ocean makes the fluctuation of pressure 
in the northern/southern North Atlantic, which induces the NAO extreme phases. The 
ENSO has an east-west fluctuation due to the seesaw of SST anomalies in the equatorial 
Pacific, and the NAO shows north-south fluctuation due to the SLP anomalies in North 
Atlantic Ocean. Thus, the first hypothesis in this study is that both ENSO and NAO are 
regional influences on circumpolar cyclone propagation. On the other hand, the polar 
vortex may be a global influence on the circumpolar cyclones due to its symmetric 
oscillation pattern. Therefore, the fluctuation of the trajectories of average cyclone 
locations can be affected by the interannual vortex oscillation in the polar region. This 
needs to be confirmed by comparison between the anomalous circulation pattern and 
fluctuation of cyclone activities. 
Meanwhile, the climatological anomalous circulation also shows an interdecadal 
change as well as the climate transition. In addition to the former hypothesis, the 
circumpolar cyclone activity may also confirm this interdecadal trend and present such a 
3 
climate transition as well. Thus, the second hypothesis is that the interdecadal change of 
the circulation can be another influence on the propagation of the circumpolar cyclones. 
Also, the AO is more important than ENSO and NAO to alter propagation of these 
cyclones due to its more zonally symmetric circulation. 
1.3 Thesis Organization 
This study consists of 7 chapters. Chapter 2 contains a background and a review 
of related literature for each subject. The data and methodology of this study are 
introduced in Chapter 3. They include Fourier and EOF analysis, vorticity and 
streamfunction budget analysis, some interdecadal methods, and criteria for selecting the 
circumpolar cyclones as well as severe weather under the teleconnection relationship. 
Chapter 4 introduces the circumpolar cyclone activity influenced by the ENSO events. 
The anomalous large-scale circulation dominates the trajectory of these cyclones. 
Chapter 5 discusses the impact of the NAO and AO on the circumpolar cyclones. Based 
on different oscillations, trajectories fluctuate in different regions. Chapter 6 looks at the 
teleconnection of severe weather dominated by the shortwave train. Finally, Chapter 7 
presents a summary of the results and provides suggestions for future research. 
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CHAPTER 2. BACKGROUND AND LITERATURE REVIEW 
2.1 El Nino-Southern Oscillation (ENSO) 
The term "El Nifio" was first used by Peruvian fishermen in the late 18th century 
when they found a current appearing off the western coast of Peru around Christmas. 
Nowadays, El Nifio describes the warm phase of the anomalous sea surface temperature 
in the central and eastern Pacific. 
The Southern Oscillation refers to a seesaw of surface pressure at Darwin, 
Australia and Tahiti of the South Pacific islands. When the surface pressure is 
higher/lower in Darwin, it is relatively lower/higher in Tahiti. Thus, El Nifio and La Nifia 
represent the extreme phases of the Southern Oscillation. Moreover, people use El Nifio 
as the warm phase and La Nifia as the cold phase. Or habitually, warm and cold ENSOs 
are used for the extreme events. 
During the non-ENSO years, the sea surface temperatures (SSTs) are usually 
6-8°C higher in the western tropical Pacific than in the eastern tropical Pacific. 
Meanwhile, the trade winds typically blow to the west across the tropical Pacific. 
However, when an ENSO event occurs, SSTs become much warmer/cooler in the 
Nifio3.4 area (i.e., 5°S~5°N; 170°~120°W) rather than the western Pacific, and the trade 
winds become weaker and even change direction (Appendix A-1 and A-2). 
The ENSO events induce significant changes in the atmospheric circulation over 
many regions of the globe, especially in the winter. The anomalous circulation pattern 
during this season appears obviously in the large-scale geopotential height field in the 
Northern Hemisphere. Numerous studies completed the theories and mechanisms for the 
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ENSO phenomenon, including the dynamical and thermodynamical concepts to interpret 
the ENSO phenomenon, and generated a simple model to show how ENSO influences 
climate (Philander, 1990; McCreary and Anderson, 1991; Neelin et al., 1994; Battisti and 
Sarachik, 1995). 
This ENSO pattern is evident in both observations and simulations, which also 
contain interannual and interdecadal changes. Mo and Livezey (1986) used different 
NMC geopotential height fields to examine the vertical structures of patterns indicating 
approximately equivalent barotropic patterns. The correlations between height anomalies 
in the Northern Hemisphere show a distinct pattern with major features concentrated in 
the United States and adjacent oceans. Wallace and Gutzler (1981) also identified the 
PNA (Pacific-North America) pattern by using observational data. Trenberth (1990) 
concluded an interdecadal trend through using monthly mean sea level pressures to 
examine the circulation changes and a different atmospheric regime after 1976. 
Shukla and Wallace (1983) displayed a simulation result from the GLAS 
(Ground-Level Area Sources) climate model of the GCM (General Circulation Model) 
experiments. The evidence of two-dimensional Rossby wave propagation along a great 
circle path, poleward over the North Pacific and eastward across the North Pacific, is in 
agreement with observations. Lau (1985) conducted studies of two 15-year atmospheric 
GCMs with the lower boundary over the tropical Pacific forced to observe 
month-to-month sea surface temperature change during 1962-1976. The agreement with 
observation and some difficulties for the model to simulate were documented. Peng et al. 
(2000) used two different models, AGCM (Atmospheric General Circulation Model) and 
ECHAM developed from the ECMWF (European Center for Medium Range Weather 
6 
Forecasting) model, with the simultaneous global SST forcing to examine the circulation 
pattern for two different seasons (JFM and JAS). Both models present ENSO responses 
from forcing of the SST anomalies. Branstator (1985) and Hoerling and Ting (1994) used 
different CCMs (NCAR Community Climate Model) to examine the dynamics of 
observed and simulated atmospheric responses during the warm/cold ENSO events in the 
tropical Pacific and determined the origin of the extratropical wave train. 
Furthermore, Chen et al. (1992) and Chen and Yoon (2002) investigated the 
interdecadal change of the circulation with respect to the anomalous SSTs during 
extreme ENSO episodes. With rising of sea surface temperature, the falls/rises of 
pressure and height field m the Pacific were associated with the 
intensification/weakening of the lower-latitude westerlies. Moreover, the blocking 
phenomenon happens more frequently in the winter. 
According to the above overview, warm ENSO SST anomalies generate the same 
pattern of geopotential height anomalies as cold ENSO SST anomalies, but with an 
opposite polarity. With respect to the warm/cold ENSO years, the sea surface 
temperature is cooler/warmer in East Asia, which causes more/less cold air outbreaks 
associated with the stronger westerlies to form during the winter monsoon or cold surge 
in this area. In this study, 53-year NCEP/NCAR reanalysis data will present results of 
more/less occurrences of the cold air outbreaks in the East Asia during the warm/cold 
ENSO events (as shown in Fig. 2.la). In this study, the warm/cold ENSO events are 
determined by the following criteria: 
warm ENSO winters: ~SST(Nifi.o3.4) 0.8cr, and 
cold ENSO winters: ~SST(Nifi.o3.4) :S 0.8cr, 
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Fig. 2.1 The time series of (a) case number of circumpolar cyclones generated in East 
Asia (N cEA), (b) cyclones' life cycle (LCEA), and ( c) anomalous sea surface 
temperature in the Nifio3 .4 area. Shaded/dotted areas in ( a) represent the 
warm/cold ENSO winters. Triangle/closed circle/open circle in (b) partially 
indicate regular/warm/cold winters. 
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where ~SST(Nifio3.4) = SST(Nifio3.4) - [SST(Nifio3.4)], the parentheses 
indicate the winter mean, and the [ ] indicate the multiple-winter (1950-2002) mean 
value for the Nifio3.4 area. Standard deviation (cr) is l.0°C and the reason to use 0.8cr to 
define the extreme phases is because it is large enough to contain the major signal. 
The case number of circumpolar cyclones generated in East Asia (Fig. 2.la) and 
cyclones' life cycle (Fig. 2.1 b) fluctuate with the anomalous SST (Fig. 2.1 c ). In some 
warm events, the number can even reach the maximum case number. An interdecadal 
trend of about 1. 7 cases over 53 winters is revealed from the time series of case numbers. 
The average case number is 6.8 cases per winter. Moreover, the average life cycle is 
about 29 days per round and becomes 31/27 days per round during the warm/cold ENSO 
events. The life cycle also shows a decreasing trend of -0.6 day over the 53 winters. 
Further information about the case numbers under the ENSO condition is outlined in the 
following table. 
Table 2.1 Case numbers (units: cases·winter-1) with the cyclogenesis in East Asia, and 
interdecadal trend (units: cases·53 winters-1) vs extreme ENSOs. 
Average Case 
6.8 
Average Case Average Case 
Number (NcEA) in 
WarmENSOs 
9.4 
Number (NcEA) in 
Cold ENSOs 
4.5 
2.2 North Atlantic Oscillation (NAO) 
Interdecadal Trend 
1.7 
In addition to the ENSO events based on the anomalous sea surface temperature 
over the tropical Pacific and their influence on the North Pacific and North America, the 
NAO is another index of atmospheric oscillations, focusing mainly on the Atlantic Ocean. 
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In contrast to the west-east oscillation of the sea surface temperature for ENSO events, 
the NAO is a north-south oscillation of the anomalous sea level pressure. With a 
comparison of the variables for two locations in the Atlantic Ocean, the Azores (AZO) 
(sometimes Lisbon or Gibraltar) and Iceland (ICE), an irregular fluctuation in the North 
Atlantic Ocean is noted. 
Two hundred years ago, the missionary Hans Egede Saabye noted this observation 
in his diary when he was in Greenland: "When the weather was severe in Greenland; the 
Danish noticed that the weather in Denmark was conversely mild, and vice versa." Now, 
this atmospheric seesaw is known to be a manifestation of the NAO. Walker and Bliss 
(1932) identified the NAO and pointed out that this relationship is consistent with a 
simple dynamical argument. An abnormally deep Icelandic low should be conducive to 
the enhanced cold advection over the Greenland-Labrador area and an enhanced 
southwesterly flow of mild air over northwestern Europe. The corresponding positive 
anomalies in the sea level pressure at lower latitudes over the Atlantic and Mediterranean 
Seas should be accompanied by a tendency toward southerly flows and warm advection 
over the eastern United States and the opposite conditions over the Middle East (see 
Appendix B-1 and B-2). 
Many studies have also shown this pattern. Kutzbach (1970) used monthly mean 
sea level pressure from the early 1900s to the late 1970s (some data between 1940 and 
1944 were not available) to do the eigenvector analysis. The forms of the first several 
eigenvectors derived from the 66-January sea level pressure data displayed the 
oscillation as well as the annual variation and the geographic distribution. 
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Van Loon and Rogers (1978) documented the evidence of the NAO's existence 
dating back to the 18th century. And Rogers and van Loon (1979) found that significant 
spatial correlations exist between the zonal component of the geostrophic wind in the 
area of the strongest westerlies in the North Atlantic Ocean, and the zonal geostrophic 
wind elsewhere north of 20° in the winter. They also pointed out that different 
combinations of longwaves change from one phase of the seesaw to another in different 
regions. 
Through observations of the long-term seasonal mean, Wallace and Gutzler (1981) 
analyzed the monthly mean sea level pressure and 500-mb geopotential height field for 
15 winters (December 1962 to February 1976) to examine the NAO pattern. Their results 
confirmed the atmospheric seesaw and also correlated it with other oscillations, such as 
the PNA. Hurrel (1995) used the moisture budget to interpret the climate change in the 
North Atlantic. Also, Serreze et al. (1997) analyzed the distribution of cyclone activity 
with the comparison of the NAO extreme phases. The Icelandic low fluctuated with the 
anomalous sea level pressure and displayed a modest seasonal cycle with a winter 
maximum. Moreover, there is a significant local increase of cyclone activity within the 
region of 60°N for both warm and cold ENSO events. 
Branstator (2002) used a GCM model to examine the waveguide effect with a 
circumglobal teleconnection and also showed that the NAO pattern dominates the 
distribution of upper-tropospheric waves in the Atlantic Ocean. 
A zonally symmetric seesaw between sea level pressure in the polar area and 
temperature difference with latitudes is first explored by Lorenz (1951 ). Based upon the 
oscillation of anomalous sea level pressure, a negative/positive pressure value in the 
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polar region (near Greenland) is defined as high/low NAO index. The high/low NAO 
extreme phases are determined by the following criteria: 
high NAO extreme winters (warm phases): ~SLP(AZO-ICE) 0.8cr, and 
low NAO extreme winters (cold phases): ~SLP(AZO-ICE) :'.S 0.8cr, 
where the ~SLP(AZO-ICE) = SLP(AZO-ICE) - [SLP(AZO-ICE)], the 
parentheses indicate the winter mean, and the [] indicate the multiple-winter (1950-2002) 
mean value of SLP difference between the Azores and Iceland. Standard deviation (cr) is 
6.4mb and the reason to use 0.8cr to define the extreme phases is because it is large 
enough to contain the major signal. 
Therefore, the stronger zonal wind in the northern/southern North Atlantic Ocean 
pulls the trajectory of average cyclone locations northward/southward during the 
high/low extreme NAO years. This situation is more or less like the role of the Aleutian 
low that influences the trajectory in the North Pacific Ocean during the ENSO events. Of 
course, the NAO phenomenon is only significant in the North Atlantic. Thus, those cases 
with cyclogenesis in North America fluctuate with the interannual NAO index. Similar to 
those cases with cyclogenesis found in East Asia, cases here also have an interdecadal 
trend of about 1 case over the past half century, and the average case number is about 6.1 
cases per winter (as shown in Fig. 2.2a). Climatologically, in the high/low NAO years 
(Fig. 2.2c ), more/fewer cyclones are generated over North America due to the 
enhanced/weakened anomalous circulation and become circumpolar. On the other hand, 
the time series of case numbers does not fluctuate with the anomalous SST (Fig. 2.2d), 
but the cyclones' life cycle (Fig. 2.2c) is still coincident with the SST anomaly. The 
average life cycle is about 29 days per round and becomes 31/27 days per round during 
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Fig. 2.2 The time series of (a) case number of circumpolar cyclones generated in 
North America (NcNA), (b) NAO index of sea level pressure, (c) cyclones' life 
cycle (LCNA), and ( d) anomalous sea surface temperature in the Nifio3 .4 area. 
Shaded/dotted areas in (a) represent the high/low NAO extreme phases. 
Triangle/closed circle/open circle in ( c) partially indicate regular/warm/cold 
winters. 
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the warm/cold ENSO events. It also shows a decreasing trend of about -0.5 day over the 
53 winters. Further information about the case numbers under the NAO condition is 
shown in the following table. 
Table 2.2 Case numbers (units: cases·winte{1) with the cyclogenesis in North America, 
and interdecadal trend (units: cases·53 winters-1) vs extreme NAOs. 
Average Case 
6.1 
Average Case Average Case 
Number (NcNA) in 
HighNAOs 
8.1 
Number (NcNA) in 
LowNAOs 
4.0 
Interdecadal Trend 
1.0 
It is interesting to note that the transition of the interdecadal change for cases 
either in East Asia or North America happens at the same period during 1976/77, the 
same result found by DeWeaver and Nigam (2002). They came up with the climate 
transition during 1976/77 as revealed from the long-term SST record. However, it is still 
too soon to tell if this period represents the climate transition, because this may still 
change after the annual addition of new data. Despite this, a possible relationship 
between the NAO and SST oscillations may exist, although there are some incoherent 
years for both indices and the situation is only revealed by the case numbers. 
2.3 Arctic Oscillation (AO) 
For a long time, people concentrated on ENSO to illustrate the climate change of 
both sides of the North Pacific due to the equatorial SST anomalies and to study the 
development of the storm tracks in East Asia. Later, the NAO was widely used to 
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interpret weather changes between the North Atlantic and Europe, as well as storm tracks 
in the North Atlantic. Recently, the Arctic Oscillation has been discussed more. 
In the 1930s, Sir Gilbert Walker explored the relationship of severe weather 
between the North Atlantic and Europe, and Lorenz (1951) indicated a zonally symmetric 
seesaw. Van Loon and Rogers (1978) documented the NAO extreme dating back to the 
18th century. Thompson and Wallace (1998) found that the leading empirical orthogonal 
function of the wintertime sea level pressure is more closely coupled with the AO pattern 
rather than the NAO. The coupled surface air temperature fluctuates more strongly on the 
Eurasian continent. The primary center of action covers more of the Arctic Sea; 
additionally, more zonally symmetric patterns of geopotential height and zonal wind 
fields are shown in this region (Thompson and Wallace, 2000). On the other hand, a high 
correlation of AO and NAO patterns from the observation data is displayed by Thompson 
and Hegerl (2000), and a comparison between AO and NAO is made on the physical 
consistency of several fields by Ambaum et al. (2001 ). 
Essentially, the AO is an atmospheric seesaw in the polar region (i.e., within 60°N 
to the pole) (Hodges, 2000). During the positive AO extreme phase, the 
lower-than-normal low pressure occurs in the polar region and induces stronger zonal 
wind as well as more severe weather. (Appendix C-1 ). The enhanced polar vortex makes 
North America and the northern Eurasia wetter and warmer. Therefore, it is also called 
warm phase. 
On the contrary, the negative AO extreme phase ( or cold phase) shows a 
higher-than-normal low pressure in the polar region (Appendix C-2). The zonal wind is 
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relatively weaker and the weakened polar vortex makes North America and the northern 
Eurasia drier and cooler (also Hodges, 2000). 
Comparing the NAO and AO, both are significant reflections of the oscillation in 
the polar region. As previously mentioned, the NAO is more concentrated on the 
north-south fluctuation of atmospheric fields in the Atlantic Ocean. But for the AO, it 
almost oscillates at the same latitude ( e.g., within 60°N to the pole) during the same 
period. This is revealed from the mean trajectory of circumpolar cyclones averaged by 
the high/low AO extremes. The high/low AO extreme phases are determined by the 
following criteria: 
high AO extreme winters (warm phases): ~(500mb) 0.8cr, and 
low AO extreme winters (cold phases): ~(500mb) :S 0.8cr, 
where the ~Z(500mb) = Z(500mb) - [Z(500mb)] within the polar region (60°N to 
the pole), the parentheses indicate the winter mean, and the [ ] indicate the 
multiple-winter (1950-2002) mean value averaged over the polar region. Standard 
deviation (cr) is 32m and the reason to use 0.8cr to define the extreme phases is because it 
is large enough to contain the major signal. 
In the warm/cold phase, lower/higher pressure enhances/weakens the zonal flow 
and its location also moves northward/southward. Thus, the trajectory becomes 
shorter/longer with respect to the anomalous circulation. Unlike those trajectories in the 
ENSO and NAO episodes that fluctuate partially in the North Pacific and North Atlantic, 
the trajectories based on a high/low AO index shrink/expand within almost the same 
interval in the latitude. Since the earth has a declination angle of 23.5° and the land-sea 
contrast, these trajectories following the contours of the geopotential height are not 
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circular. Therefore, they move southward when passing the troughs. Despite different 
atmospheric oscillations, the trajectory basically follows the same dynamical process for 
each year, which will be discussed in the later chapters. 
2.4 Teleconnection of Severe Weather 
After the discovery of the teleconnection relationships, many studies indicated 
their possibility and correlations as discussed in the former reviews. Essentially, these 
teleconnections are able to dominate weather in different areas by an atmospheric 
seesaw. 
The teleconnection wave theory by Hoskins and Karoly (1981) concluded that 
only the longwaves propagate strongly poleward to high latitudes, but shortwaves are 
trapped equatorward and result in a split of the wave trains at this latitude. Meanwhile, 
Blackmon et al. (1984) also showed that shortwave-scale fluctuations of 500-mb height 
field in the Northern Hemisphere winters are characterized by a spatial structure that 
correlates with the weather fluctuations in different areas. 
In the operational weather services, meteorologists are always able to observe real 
cases of the above theory. Kousky (1985) used observation data to examine a strong 
oscillation of the atmospheric circulation during the winter of 1984/85 and showed that 
the convective activity, tropospheric winds, and sea level pressures within the tropical 
area are correlated with the fluctuations in the geopotential height and temperature over 
and in the vicinity of the United States. Then, based upon the monthly/seasonal summary 
of weather and climate issued by the National Meteorological center (NMC; currently the 
National Centers for Environmental Prediction), Palmer and Owen (1986) showed that 
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the exceptionally cold weather experienced over much of the United States during 
January in 1985 and the winter of 1976/77 was associated with the enhanced convective 
activity over the western tropical Pacific. Further, Hsu and Lin (1992) documented the 
teleconnection of the streamfunction for 11 northern winters from 1978 to 1988, based on 
the upper-tropospheric winds. They showed that a wave-like structure propagates 
downstream along a route from North America to the North Atlantic, to southern Europe 
and to the North Pacific. 
For the other side of the North Pacific, Chen et al. (2002) documented several 
aspects of the atmospheric conditions that influence the development of cold surges in 
East Asia. Coupling with the upper ridge-trough structures of the wave train straddling 
the eastern seaboard of this area, cold surges occur sequentially, and they are often 
associated with cold fronts driven by the eastward-propagating shortwave trough through 
the couplets of both new and aging cold surges. In addition, a Fourier scale separation 
was introduced to divide the streamfunction into two wave regimes (Chen, 2002). And 
the shortwave component is used to interpret the teleconnection wave train during the 
extreme ENSO phases in the North Pacific. Meanwhile, the wave train can both 
influence the storm track (Lau, 1988) and blocking (Chen and Yoon, 2002) in the North 
Pacific and affect the weather and climate systems in North America as well. 
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CHAPTER 3. DATA AND METHODOLOGY 
3.1 Data 
This chapter consists of a description of the data and methodology used in this 
study. It highlights five major topics: (1) data source, (2) Fourier and EOF analysis, (3) 
vorticity and streamfunction budget analysis, (4) some interdecadal methods, and (5) 
selecting criteria for circumpolar cyclones and teleconnection cases. 
3.1.1 NCEP reanalysis data 
This study centers on analyzing fields produced by the National Centers for 
Environmental Prediction-National Center for Atmospheric Research (NCEP/NCAR) 
reanalysis project (Kalnay et al., 1996). The time period of the data is from 1948 to the 
present and the data are available from ftp:/ /ftp.cdc.noaa.gov. In order to analyze the 
long-term data, global fields from December, January, and February for the 53 Northern 
Hemisphere winters between December 1950 and February 2003 are used for this study. 
The time resolutions of the NCEP/NCAR reanalysis data include 6 hours, daily 
and monthly means. Their horizontal resolution is T62 (209km), and there are 17 levels 
of data on the vertical pressure coordinate (i.e., 1000, 925, 850, 700, 600, 500, 400, 300, 
250,200, 150, 100, 70, 50, 30, 20 and lOmb). All these data are on a 2.5°x2.5° horizontal 
(latitude-longitude) grid. 
In this study, zonal wind, meridional wind, precipitation, outgoing longwave 
radiation (OLR), sea surface temperature (SST), and sea level pressure (SLP) are mainly 
used for the analysis. 
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3.1.2 Surface charts 
Synoptic surface charts from the Japanese Meteorological Agency (JMA) and the 
U.S. National Meteorological Center (NMC) are helpful for determining the development 
and propagation of the middle latitude cyclones. 
JMApublishes surface analysis maps (Appendix D-1) four times a day (i.e., 0000, 
0600, 1200, and 1800 UTC). Those charts at 1200 UTC are primarily used for recording 
the movement of those cyclones with cyclogenesis in East Asia and their accompanying 
severe weather. 
The weekly series of daily weather maps (Appendix D-2) issued by NMC contain 
the surface weather map, 500-mb height contours chart, the highest and lowest 
temperatures chart, the precipitation areas, and the precipitation amounts chart. They are 
all at 0700EST (i.e., 1200 UTC). Like the JMA charts, all of the cyclones and severe 
weather are recorded, and eventually, the teleconnection of severe weather in the East 
Asia and North America can be examined mainly through comparing all of these surface 
charts. 
3.1.3 NSIPP model data 
The NSIPP (NASA Seasonal-to-Interannual Prediction Project) model was 
recently developed and tested at NASA (National Aeronautics and Space Administration) 
for assimilating and forecasting based on a coupled atmosphere-ocean-land-surface-sea 
ice model. It combines satellite and in situ data source to improve the prediction of 
ENSO and other major atmospheric signals as well as the global teleconnection 
(Bacmeister and Suarez, 2002). The atmospheric state is initialized from the NSIPP 
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AMIP-style (Atmospheric Model Intercomparison Project) runs that are a coupled 
atmosphere-land simulation. Moreover, the Reynolds sea-surface temperatures are 
specified as a boundary condition for the atmospheric model. 
The data resolution is 2.0°(longitude)x2.5°(latitude) and contains 34 vertical 
levels. The data set includes 6 hour, daily and monthly means. In this study, zonal and 
meridional winds at 850-mb and 200-mb of 1200 UTC and daily 500-mb height field are 
used to analyze the circumpolar cyclones. Detailed properties of the NSIPP model data 
are described by Bacmeister et al. (2000). 
3.2 Methodology 
3.2.1 Harmonic (Fourier) and EOF analysis 
3.2.1.1 Harmonic analysis 
In order to isolate the longwave (waves 1-3) and shortwave (waves 4-15) 
components from an infinite and periodic series, simple harmonic (or Fourier) analysis 
was applied to decompose the series into an infinite sinusoidal-component series. To 
obtain this, any scalar function/ (x) is expressed by sinusoidal harmonics as follows: 
where As is the coefficient of the S-th component for the sin function; 
Bs is the coefficient of the S-th component for the cos function; 
ks is the wave number of the S-th component; and 
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k = 2JlS , where L is the wavelength. 
s L 
The orthogonal relationship of the sinusoidal function can be applied to compute 
the coefficient of each component. 
Lf . 2nsx . 2mzx dx { O s -:t= n sm--sm-- = 11, 2 o L L , s=n 
Thus, the coefficient, sin and cos functions are 
2 LI . 2nsx As = - f(x)sm--dx 
Lo L 
2 LI 2nsx Bs =- f(x)cos--dx 
Lo L 
and the S-th components of the data are: 
Based upon the above procedure, any atmospheric wave can be decomposed into 
different wave regimes. In this study, the shortwave (waves 4-15) component is mainly 
used for examing the modulation of severe weather teleconnection. 
3.2.1.2 EOF analysis 
It is well known that the Empirical Orthogonal Function (EOF) analysis 1s a 
powerful technique often used to extract the major spatial pattern from the observations. 
The resulting time series of eigencoefficients describes the time evolution of the 
corresponding eigenvectors. The large value of variance explained by the principal 
eigenmode indicates that the corresponding eigenvector is more significant and can be 
used to represent the major behavior of the observations. 
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In the harmonic analysis, the time evolution is set precisely and is, in other words, 
too artificial. Although it allows for clear isolation among other harmonic components, 
the spatial pattern obtained is independent of spatial correlations between points. In EOF 
analysis, the time series of eigenvectors are not constrained to be in simple harmonics, 
but they represent the true temporal variation for the field under investigation. Because it 
is empirical in the EOF analysis, the orthogonal functions do not need to be sinusoidal, 
but represent the true temporal variation of the observations. The degrees of freedom are 
two (i.e., spatial and temporal) in contrast to one (spatial) in the harmonic analysis. 
Therefore, it is closer to the real world in determining the dominant spatial pattern 
by applying EOF analysis. However, when the contributions from different patterns are 
comparable, the variance explained by the principal eigenmodes may not be large enough 
in isolating the dominant pattern. Both analytical methods complement each other and 
have been adopted in the current study. 
3.2.2 Vorticity and streamfunction budget analysis 
The horizontal momentum equation without friction force m the pressure 
coordinate is 
dV I\ --+ f kxV =-V<!J 
dt 
Then, the vorticity equation is V x (3.1), which is 
3.1 
An individual case (in the Appendix E) is plotted to illustrate the significance of 
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each term in vorticity equation in the middle latitude. The results show that - f (V • V) IS 
much larger than -; (V · V) , and -uac,1ax IS larger than -v p and -vat/By for the 
perturbation. 
Therefore, (; )<0(1) and equation (3.2) becomes 
f 
Where: 
a; a; --+u-+vP=-f(V•V) at ax 
a;= -f(V • V)-u a; -vp at ax 
(a) (b) (c) 
(a)is the vortex stretching term, 
(b )is the horizontal vorticity advection term, and 
( c )is the planetary vorticity advection 
3.3 
3.4 
-vaqay is not significant and can be neglected, and -vP has zonally symmetric 
pattern that is able to adjust the -uaC/ax. Therefore, here uses: 
vorticity tendency =-f(V ·V) -uaqax -vp, denoted by t;,1 , 
vorticity advection = -uaqax -vP, denoted by l;A, and 
vorticity stretching = - f (V · V) , denoted by l;,x. 
After inverting the Laplacian, equation (3.4) is transformed: 
v- 2(a;) = +v- 2(-/(V • V))+ v- 2 (-u a;)+ v- 2(-vP) at ax 
If/, 
In this study, each term of the vorticity budget equation is used to explore the 
main dynamic process on the horizontal charts and X-t diagrams in the following 
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chapters. Meanwhile, the streamfunction budget analysis was used to explore the 
dynamic process for the wave-like teleconnection of severe weather in the upper and 
lower troposphere. 
3.2.3 Some interdecadal methods 
Since the ENSO events have a variable onset period between 2 and 7 years, the 
interannual variations of sea surface temperature, geopotential height field and sea level 
pressure of 53 winters are subjected to a 7-year running-mean, in order to isolate the 
interdecadal variation. By applying this method, each centered winter's data are averaged 
with the data from the three prior and three following winters, and the results are not 
calculated for the first and last three winters of the whole time series. Thus, the major 
mode of the interdecadal variation is displayed statistically by the window of 2 to 7 
winters (Chen et al., 1996). 
A simple ordinary least squares trend fit is used for examing the interdecadal 
trend of a time series. And the declining rate of the trend computed by the least square 
approximation shows both the interdecadal increase/decrease and its speed (or amount) 
of the change (also Chen et al., 1996). 
3.2.4 Selecting criteria for circumpolar cyclones 
Since the zonal and meridional winds and precipitation in each winter undergo an 
interannual variation, it is not reasonable to set an exact threshold of the above data for 
determining the circumpolar cyclones. Therefore, the major principles of the selection 
are based on whether those mid-latitude cyclones generated from East Asia (east of 
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120°E) and North America ( east of 100°W) can be eastward propagating and circumpolar. 
The selecting criteria are: 
a. Determine locations of circles of the mid-latitude disturbances with the daily 
850-mb streamline charts at 1200 UTC superimposed with precipitation and 
vorticity. 
b. The associated precipitation has to be significant during most of the life cycle of 
the disturbance, and vorticity needs to be higher than its surrounding grids. 
c. Check these circles identified in steps 1 and 2 against troughs at 200-mb 
streamlines. The coincident locations of the closed low centers and the jets ahead 
of the troughs are registered as locations of eastward propagating large-scale 
disturbances. 
d. Determine that all identified synoptic-scale disturbances north of 30°N propagate 
more than 10° longitude per day over their life cycle and can complete a 
circumpolar propagation. 
In order to better interpret the above selecting criteria, a single case in Fig. 3.1 
presents the circumpolar propagation. On the X-t diagram of the daily 500-mb 
geopotential height anomalies and the departures from the seasonal mean, the cyclones at 
850-mb move eastward ahead of the 200-mb troughs. This indicates that the upper-level 
troughs force the lower-level cyclones as they make a circumpolar propagation. 
Moreover, due to the vertical tilting based on the coupling relation between the troughs 
and cyclones, their locations are partially ahead of/behind the lowest value of the 
anomalous height field along the propagating route. Wallace et al. (1988) also presented 
the same results by using the baroclinic waveguides. The cyclones propagate along the 
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Fig. 3.1 The X-t diagram of daily geopotential height anomalies at 500-mb superimposed 
with the trajectory of upper-level trough and lower-level cyclone. The contour 
interval is 50m and the positive height anomalies are shaded. The daily trough 
and cyclones are partially denoted by the symbol x and the open circle. 
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3.2 In (al), (a2) and (a3), 200-mb streamline chart superimposed with vorticity 
(greater than 1/3x10-5 s-1 are slightly/heavily stippled). In (bl), (b2) and (b3), 
850-mb streamline chart superimposed with precipitation (greater than 2/10 
mm·daf 1 are slightly/heavily stippled). The location of cyclone is denoted by 
open circle and the trough is denoted by thick line. 
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maxima of zonal winds through the baroclinic waveguides. Meanwhile, the orientation of 
waveguides tends to be more zonal at upper level than at lower level. Thus, the cyclones 
migrate southward along the orography in the lee of the Rockies and the Tibetan Plateau. 
But, with the stronger zonal winds at upper level, the induced troughs lead the cyclones 
to continue the eastward propagation and become circumpolar. 
On the other hand, the daily streamlines charts at 200- and 850-mb are used to 
examine the coupling relation. In the Figs. 3.2al and 3.2bl, the lower-tropospheric 
cyclone ( denoted by open circle) is coupled with the upper-tropospheric trough ( denoted 
by the thick line) and develops ahead of the trough. Within the area of the storm track in 
East Asia, the trough is maintained by the stronger zonal winds (or jets) at the upper level, 
which can lead the cyclone to propagate eastward. When the cyclone moves to the end of 
jet axis in the eastern North Pacific (Figs. 3.2a2 and 3.2b2), the upper-level trough 
connects with the North American storm track that can maintain the trough to lead the 
cyclone continuously. The stronger upper-level zonal winds can extend to North Europe 
and maintain the eastward propagation of the cyclone (Figs. 3.2a3 and 3.2b3). Then, the 
Siberian low at the upper troposphere provides the stronger westerly wind to maintain 
the trough that can lead the cyclone to complete a circumpolar propagation. During most 
of the circumpolar cyclones' life cycle, the significant precipitation is associated with 
severe weather, and the maximum upper-level vorticity at the center of the trough 
provides the cyclogenesis ahead of the trough. Therefore, a large amount of precipitation 
and stronger winds are accompanied with the propagation of the circumpolar cyclones. 
A noteworthy point is that not every circumpolar cyclone generated in East Asia 
is the cold surge with an obvious dipole structure as in the above example. In fact, about 
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half of the East-Asia-generated circumpolar cyclones start from the cold surge. Therefore, 
the circumpolar propagation is not directly related to the strength of the cyclogenesis but 
is completed by the coupling of the lower-level cyclone and upper-level trough 
maintained by the developing baroclinic wave. 
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CHAPTER 4. THE ENSO INFLUENCE ON CIRCUMPOLAR 
CYCLONES 
4.1 Introduction 
During winter in the Northern Hemisphere, mid-latitude cyclones usually form in 
East Asia and North America. With orographic help, the land-sea breeze becomes 
stronger in these two areas, which enhances the generation of cyclones. Moreover, 
stronger zonal winds over 30°N are westerlies, which induce more convective activities 
and form so-called storm tracks in the North Pacific and North Atlantic (Lau, 1985). 
Usually, the middle latitude cyclones have a life cycle of seven to ten days and propagate 
5000 to 7000 km. However, with the maintenance of zonal winds, downstream 
amplification is enhanced to drive the cyclones in an eastward propagation and finish a 
circumpolar travel ( Orlanski and Chang, 1993; Orlanski and Sheldon, 1993; Simmons 
and Hoskins, 1979). 
Since the interannual variation of the sea surface temperature induces a seesaw in 
the tropical Pacific, cooler/warmer temperatures happen in the eastern tropical Pacific 
when the warm/cold ENSO event occurs. The cooler/warmer environment in East Asia 
generates more/less cold air outbreaks (Chen, 2002) that form cyclones later to maintain 
the storm track through the developing baroclinic wave (Blackmon et al., 1977) and 
become circumpolar (Joung and Hitchman, 1982). In North America with comparable 
conditions in East Asia, circumpolar cyclones are also formed from the cold air outbreaks 
(Walsh et al., 2001) through the lower-tropospheric convergence (Chen and Kpaeyeh, 
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1993). Nevertheless, the PNA-like pattern induced by the anomalous sea surface 
temperature (Wallace and Gutzler, 1981) makes the Aleutian low significant in the ENSO 
events. A stronger/weaker Aleutian low leads to the variation of cyclone propagation. 
Therefore, the trajectories of cyclones move southward when the strong Aleutian low is 
dominant in the North Pacific, and vice versa. This variation changes the length of the 
circumpolar trajectories, that is, the duration of cyclone propagation changes, although 
they still propagate with more or less the same speed. 
In the following discussion, more quantitative interpretations show how the 
interannual ENSO events affect the circumpolar cyclone activity and a mathematical 
method by the EOF analysis tells the correlation with the former observational results as 
well as the impact of the interdecadal change of the circumpolar pattern. 
4.2 Climatological Features 
4.2.1 Statisitical distribution of the synoptic-scale cyclone waves 
In climatology, the cyclone waves determined by the 850-mb streamline charts 
are able to make a circumpolar propagation following the contours of the 500-mb 
geopotential height field (as shown in Fig. 4.la). Moreover, the mean trajectory of the 
average cyclone locations migrates southward when passing the main troughs in East 
Asia, North America, and North Europe. Joung and Hitchman (1982) examined the 
upper-tropospheric height field to find the same result. The strong zonal winds in East 
Asia and North America enhance the vertical motion through the wind shear; thus, 
stronger convergence/divergence develops in the lower/upper troposphere. 
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(c)[NEA ,Z(500mb)] Climatology 
(b)Nf ( d)[NNA ,Z( 500mb)] Climatology 
Fig. 4.1 Horizontal distribution of (a) total circumpolar cyclones (N); (b) occurrence 
frequency (Nf-Winter-1); (c) circumpolar cyclones generated in East Asia 
(NEA); (d) circumpolar cyclones generated in North America (NNA). The 
climatology of 500-mb geopotential height field with contour interval of 50 
m is superimposed in (a), (c) and (d), locations/genesis are represented by 
dots/circles, and thick dashed lines are mean trajectories. The links of symbol 
x in (c) and (d) show the climatological trajectory. Light/dark shading areas 
in (b) indicate numbers of occurrence greater than 0.6/1.2 cases per winter as 
denoted in the bottom-right side. 
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More convective activity induces cyclogenesis in these areas and maintains the storm 
tracks. A horizontal distribution of the circumpolar cyclone occurrence shows that they 
appear more in the storm tracks as discussed earlier. For each winter, the maximum 
occurrence frequency on average is about 1.5 cases in East Asia and 1 .4 cases in North 
America ( as shown in Fig. 4.1 b ). Serreze (1995) adopted a cyclone detection algorithm 
based on a series of search patterns, testing whether a grid-point sea level pressure value 
is enclosed by grid-point values at least 2-mb higher than the central point being tested. 
A manual comparison with NMC charts showed that it correctly identified system centers 
over 99.5% of a data record during January 1973 to June 1992. Later, he extended the 
time to include 1958 through 1997. By averaging the cyclone activity through Serreze's 
method, about 3 cases in the maximum happen in the two main storm track areas. 
Comparing this with the former results of circumpolar cyclones, roughly half of them can 
make a circuit around the globe. Except for the two primary peak occurrences in East 
Asia and North America, other secondary peak occurrences appear on the western 
Canada coast and western Siberia. Cold air outbreaks affecting the western Canada coast 
appear to result from cold air pools that break off from high-latitude air masses (Walsh et 
al., 2001). In addition, after the cyclones hit the Aleutian low, they are enhanced by the 
downstream amplification effect that pulls them back into the propagating track along the 
height contours. 
The other secondary maximum peak in western Siberia is caused by the stationary 
cold air mass and high pressure over the area. Therefore, another downstream 
amplification effect takes place here and makes these cyclones circumpolar. 
Although with the comparable land-sea conditions in East Asia and North 
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America, circumpolar cyclones with cyclogenesis in different areas still make slightly 
different circumglobal trajectories (as shown in Figs. 4.lc and 4.ld). The biggest 
difference happens in the East Asia. These cyclones, generated in North America, move 
poleward when passing through East Asia. Of course, they still follow the contours and 
troughs to propagate, but they do not interact with the cyclogenesis in the East Asian 
trough area. With a comparison of another trajectory averaged from cyclones generated 
in East Asia, the distribution of the real locations of these cyclones shows that the 
maximum north-south difference in latitude with respect to the mean trajectory is 
roughly 15° in both typical circumpolar cyclones. 
4.2.2 Large-scale circulation influence 
As mentioned in the last section, climatologically, the mean trajectory follows the 
contours of the geopotential height field and fluctuates with the trough areas. In East 
Asia and North America, stronger land-sea effects enhance the zonal winds (as shown in 
Fig. 4.2a). Thus, the larger gradient in the height field deepens the troughs more in the 
two areas. However, the land-sea contrast also deepens the trough some in the North 
Eurasia down to the Mediterranean Sea, but the effect is not strong enough to move 
circumpolar cyclones southward very much in this trough area like in the other two areas. 
In the two primary trough areas, stronger zonal winds also induce maximum 
vorticity at the trough centers (as shown in Fig. 4.2b). Ahead of the trough, stronger 
zonal winds and negative east-west gradient of vorticity make the product of vorticity 
advection term (sA) positive and vice versa (as shown in Fig. 4.2c). It is worth 
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( a)u(200mb) Climatology ( c )(A (200mb) Climatology 
(b)((200mb) 
Fig. 4.2 The climatology of 200-mb (a) zonal wind (u), (b) vorticity (s), (c) vorticity 
advection (sA), and (d) vorticity stretching (Sx) superimposed with average 
trajectory of circumpolar cyclones denoted by thick dashed line. Shading 
information is indicated on the bottom-right side of each chart. 
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mentioning that the zonal wind in the East Asian trough area is more horizontal with 
respect to the latitude, but the zonal wind in the North American trough area is more apt 
to be southwesterly. The main reason is because the width of the North Pacific is roughly 
twice that of the North Atlantic. Therefore, the huge oceanic high circulation in the North 
Pacific makes the zonal wind distribution parallel to latitudes. Conversely, the North 
Atlantic Ocean is not as wide as the North Pacific so that its circulation aloft is more 
southwesterly to maintain the zonal wind in the North American trough area. Based on 
this, the positive areas of vorticity advection are revealed from the zonal wind and have a 
similar pattern. On the other hand, the negative vorticity stretching term (l;x) ahead of the 
trough shows a divergence/convergence in the upper/lower troposphere (as shown in Fig. 
4.2d). This means that a positive upward motion happens here and is helpful to cyclone 
development. Therefore, it is cyclogensis/anticyclogensis ahead of /behind the trough. 
Similar to vorticity advection, vorticity stretching is much more horizontal in the North 
Pacific and more southwest in North America due to the maximum zonal wind affecting 
the divergence pattern. Meanwhile, both vorticity advection and vorticity stretching are 
in quadrature (90° out-of phase) with the vorticity in the two main trough areas. 
By the vorticity budget analysis, the vorticity advection and vorticity stretching 
balance with each other under a quasi-geostrophic model (Holton, 1992). Thus, the 
change of vertical shear of the zonal wind with different vorticity advection with respect 
to the height drives an ageostrophic vertical circulation. This adjusts the horizontal 
temperature gradient in an adiabatic way to maintain the thermal wind balance. Moreover, 
the convergence and divergence associated with this vertical motion redistribute the 
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vorticity field in upper and lower atmosphere, in order to solve the weak vorticity 
problem in the lower troposphere. 
4.2.3 Interannual variation of case numbers 
From the time series of the total case numbers, there exists an interannual 
variation as well as an interdecadal trend. Since these synoptic-scale cyclone waves are 
embedded in the anomalous large-scale circulation and the change of the general 
circulation fluctuates usually with atmospheric oscillations as introduced in Chapter 2, it 
is found that the interannual variation of the case numbers oscillates with the ENSO 
events, as does the life cycle of these circumpolar cyclones. 
The average case number among the 53 winters is about 13 cases per winter (as 
shown in Fig. 4.3a). In the warm/cold ENSO episodes, the average case number 
increases/decreases to 17 /11 cases per winter. Theoretically, the circumpolar cyclones 
can be affected by any kind of atmospheric oscillations, because these cyclones make a 
round trip around the globe during which they may interact with any one of the 
atmospheric oscillations. However, from the observations, the total case numbers have a 
high correlation to oscillate only with the ENSO events (Fig. 4.3c ), but not with NAO 
and AO (Figs. 4.3d and 4.3e). This means that the anomalous circulation change, due to 
the variation of the sea surface temperatures in the Nifio3.4 area, is the main influence. 
The variation of the life cycle also fluctuates with the ENSO episodes. The 
average life cycle of the circumpolar cyclones is about 29 days per round (as shown in 
Fig. 4.3b). In the warm/cold ENSO years, it becomes 31/27 days per round. For the same 
reason as for the case number, the change of life cycle in the different ENSO years 
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Fig. 4.3 The time series of (a) case number of total circumpolar cyclones (Ne), (b) 
cyclones' life cycle (LC), (c) anomalous SST in the Nifio3.4 area, (d) NAO 
index of sea level pressure, and ( e) AO index of 500-mb geopotential height 
field during 1950 to 2002. Shading/dotted areas in (a) represent the 
warm/cold ENSO events. Triangle/closed circle/open circle in (b) partially 
indicate regular/warm/cold winters. 
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is mainly due to anomalous circulation, and it is not coincident with the NAO and AO 
indices. Because the Aleutian low enhances/weakens in the warm/cold ENSO events in 
the North Pacific, and a low/high-dominant circulation system occurs here, the 
circumpolar cyclones migrate southward/northward in the area with respect to the 
location of the Aleutian low. This causes the different length of cyclones' propagation, 
that is, different life cycles. The mechanism impacting this propagation will be discussed 
later. Additional information about the total case numbers is in the following table. 
Table 4.1 Case numbers (units: cases·winter"1) with the cyclogenesis in East Asia and 
North America, and interdecadal trend (units: cases·53 winters"1) vs extreme 
ENSOs. 
Average Case 
Number(Nc) 
12.9 
Average Case 
Number (Ne) in 
WarmENSOs 
16.7 
Average Case 
Number (Ne) in 
ColdENSOs 
10.8 
Interdecadal Trend 
2.7 
Moreover, the interdecadal trend of the case number (represented by thick line in 
Fig. 4.3a) is positive with about 2. 7 cases increasing in the 53 winters. This reveals that 
the increasing sea surface temperature caused by global warming also enhances the 
anomalous circulation. This is the main reason for the generation of circumpolar 
cyclones. However, the interdecadal trend of the life cycle (represented by light-shaded 
line in Fig. 4.3b) is negative and has a decreasing rate of -0.6 day per round of the 53 
winters. Comparing the above two interdecadal trends, although the case number 
increases with a positive value, the life cycle decreases with a negative value. This 
indicates that the number of circumpolar cyclones may increase, but their trajectory 
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becomes smaller and the entire atmospheric system may move poleward. Of course, the 
observation method can cause some subjective errors; thus, an EOF result to continue 
this argument will be discussed later. 
Based on different forming mechanisms for the atmospheric oscillations focused 
in different regions, the total 53-winter case numbers are separated into two categories of 
cyclogensis in East Asia and North America (referred to Figs. 2.la and 2.2a). After 
comparing the separated time series of case numbers with different oscillation indices, it 
is found that the case numbers with cyclogenesis in East Asia still fluctuate with the 
ENSO events, but those in North America fluctuate with the NAO episodes, because the 
anomalous circulation in East Asia is mainly affected by the ENSO phenomena, and that 
in North America is by the NAO phenomena. Therefore, the cyclogenesis in different 
regions are partially influenced by the extreme phases of different atmospheric 
oscillations. 
The interdecadal trend of case numbers with cyclogenesis in East Asia is about 
1. 7 cases per winter, and 1 case per winter in North America. Although both of the trends 
increase, the former amplitude is larger than the latter. This indicates that the impact of 
ENSO over the North Pacific is greater than that of NAO over the Atlantic Ocean. 
4.3 ENSO's Impacts 
4.3.1 Mechanism impacting on circumpolar cyclones 
In Figs. 4.4a and 4.5a, during the warm/cold ENSO events, the mean trajectory of 
average circumpolar cyclones mainly follows the negative anomalies of geopotential 
height ( or the lower-pressure area), and its downstream amplification is maintained by 
41 
the stronger zonal wind (or jets) in the middle latitude. Meanwhile, the anomalous sea 
surface temperature in the Nifio3.4 area induces a PNA-like pattern (Horel and Wallace, 
1981 ). This pattern causes the anomalous zonal wind field to change both its maximum 
wind speed and the horizontal distribution (as shown in Figs. 4.4b and 4.5b). In the warm 
ENSO episode, the PNA-like pattern enhances the zonal wind in the North Pacific and 
the North Atlantic near the eastern U.S. coast. Thus, the zonal wind in the middle of the 
United States becomes relatively weaker. This pattern deepens the height field in the 
North Pacific by enhancing the Aleutian low and pushes the low-pressure area to about 
30°N in the North America. Therefore, the circumpolar cyclones move southward when 
passing the trough area in the East Asia and hit the Aleutian low at about 40°N in the 
North Pacific. These cyclones continue propagating southward to about 30°N in North 
America. With the combination of stronger anomalous zonal winds and the southwesterly 
flow of the Bolivian high, more vorticity is induced by the enhanced vertical motion. 
Then, the cyclones move northward across the North Atlantic. Although the land-sea 
effect in North Eurasia is not as significant as in East Asia or North America, the 
low-pressure areas in front of the dominant Siberian high in the lower troposphere are 
able to maintain the propagation of these circumpolar cyclones. 
For cold ENSO events, the PNA-like pattern pulls the stronger zonal wind area 
northward and deepens the Aleutian low near eastern Alaska close to 50°N. Now, there 
are two trough areas near both U.S. coasts and a ridge area across the middle of the 
United States. Therefore, the anomalous circulation pattern causes the circumpolar 
cyclones to move northward during the North Pacific-North America area, in 
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(a)~Z(500mb) Warm DJF (c)~(A(200mb) Warm DJF 
(b)~u(200mb) Warm DJF (d)~(x(200mb) Warm DJF 
Fig. 4.4 The anomaly of (a) 500-mb geopotential height field, (b) 200-mb zonal wind, 
( c) 200-mb vorticity advection, and ( d) 200-mb vorticity stretching under 
warm ENSO events superimposed with average trajectories in climatology 
( denoted by light-shaded dashed line) and in warm ENSO events ( denoted by 
dotted line). Contour interval is Sm in (a), 0.Sms-1 in (b), and 2.Sx 10-9s-2 in 
(c) and (d). 
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(a)AZ(500mb) Cold DJF (c)A(A (200mb) Colq__DJF 
(b)Au(200mb) Cold DJF (d)AC:-x(200mb) Cold DJF 
Fig. 4.5 The same as in Fig. 4.4, except in the cold ENSO events, and the average 
trajectory of cold ENSO events is denoted by circle line. 
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contrast to the warm ENSO event. For this reason, the trajectory in warm/cold ENSO 
episodes expands/shrinks as well as the life cycle becomes longer/shorter. 
Hoskins and Karoly (1981) found that the distribution of geopotential height 
anomaly bears a strong qualitative resemblance to the steady-state wave forced by a 
tropical heat source. Due to the fluctuating amplitude and location of the zonal wind 
reflected from the Nifio3.4 SST anomaly, the vorticity advection and vorticity stretching 
also change. In the warm ENSO event, a southward shifted and stronger zonal wind in 
the North Pacific-North America area enhances the vorticity advection ahead of the 
North American trough (as shown in Fig. 4.4c). Meanwhile, the divergence/convergence 
at upper/lower troposphere is also enhanced ahead of the trough (as shown in Fig. 4.4d). 
Therefore, the positive vorticity advection drives the circumpolar cyclones' propagation 
eastward, and the negative vorticity stretching helps the cyclogenesis/anticyclogenesis 
ahead of/behind the trough. Both terms are balanced to be quasi-geostrophic. The same 
mechanism is also applied for the vorticity budget in the cold ENSO event ( as shown in 
Figs. 4.5c and 4.5d). 
4.3.2 Case study 
The composite trajectory has the behavior to propagate along the geopotential 
height field and is able to change the location under different anomalous circulation 
patterns based on the ENSO effect. It is necessary to examine the daily propagation case 
by case. 
Holton (1992) showed that the mid-latitude cyclone waves at lower troposphere 
happen ahead of the trough at the upper troposphere. The maximum vorticity cites at the 
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( a)Regular winter( c ase:2/7~3/9/01) 
D1 ':, .. (a1) <:" , , ·-
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D1 
b Warm winter(case:1/6~2/6/95) 
D10 
D20 
D30 
D1 
( c )Cold winter( case : 12/5/99~ 1 /2/00) 
D10 
D20 
120°w 120°E 120°w 120°E 120°w 120°E 
Fig. 4.6 (a) The X-t diagram of daily 200-mb vorticity budget analysis superimposed 
with the trajectory in the regular winter. The vorticity tendency, vorticity 
advection and vorticity stretching are partially plotted in (al), (a2) and (a3). 
The same as (a) in (b) and (c), except in the warm and cold ENSO winters. 
The dashed line represents the case trajectory in regular winter. Contour 
interval is 1x10-10 s-2• 
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center of the trough and the minimum at the center of the ridge. By the vorticity budget 
analysis introduced in 3.2.2, the simplified vorticity advection term is positive ahead of 
the trough and the simplified vorticity stretching term is negative as well, and vice versa. 
This can be observed on the X-t diagram of the single cyclone case in the Fig. 4.6. 
The sum of the vorticity advection and vorticity stretching makes the vorticity tendency 
positive ahead of the case, which is the main factor to maintain a cyclone's eastward 
propagation. The mechanism is the same for cases in the warm/cold ENSO episodes. Fig. 
4.6a presents a single case of vorticity budget analysis in the regular (non-ENSO) winter, 
and it undergoes a 31-day circumpolar propagation. By comparing the propagation with 
cases in different ENSO extreme winters, it is easy to find that the more/less declining 
rate of the case trajectory shows the longer/shorter duration for single cases to propagate 
in the warm/cold ENSO events. 
4.3.3 EOF results 
The first mode of interannual eigencoefficient of 500-mb height field (hereinafter 
C 1 intann(Z500)) in Fig. 4. 7a shows almost the same oscillation with the sea surface 
temperature in the Nifio3.4 area, only with an opposite polarity. It seems that there is a 
time lag around the winters of 1968/69 and 197 6/77. Ho rel and Wallace (1981) found 
that the one- or two-season lag correlations are strong because the minima in the 
Southern Oscillation Index typically occur around the September prior to the winters 
when the strong teleconnection patterns are observed. This indicates that the major mode 
of the temporal variation responds highly with respect to the change of SST. During the 
warm/cold ENSO event, the geopotential height field enhances/weakens with the 
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Fig. 4.7 The time series of interannual (a) Cl(Z500), (b) Cl(TR), and L\SST(Nifio3.4). 
The anomaly of (dl) El(Z500) (rectangular chart) and its PNA-like pattern, and 
El(TR) (circle line), and (d2) 500-mb height field superimposed with 
cold-ENSO trajectory ( circle line). The climatological trajectory in ( dl) and 
( d2) is denoted by dashed line. The contour interval of height field is 5m. 
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increase/decrease of the SST. In addition, the first mode interannual eigencoefficient of 
the trajectories (hereinafter Clintann(TR)) in Fig. 4.7b coincides with ENSO but with an 
opposite sign (as shown in Fig. 4.7c). That is, the trajectory expands/shrinks in the 
warm/cold ENSO events. Meanwhile, the first mode interannual eigenvector of 500-mb 
height field (hereinafter El intann(Z500)) (rectangular chart in Fig. 4. 7dl) represents 
98.8% of the major atmospheric condition in the Nifi.o3.4 area and correlates with the 
anomalous circulation pattern in the cold ENSO event (as shown in Fig. 4.7d2) at a level 
of 88.7%. A slight difference is that the first mode interannual eigenvector of the 
trajectory (hereinafter El intann(TR)) representing 69.8% of the trajectory condition moves 
northward, comparing with the average trajectory in the cold ENSO events. Thus, the 
El intann(TR) shrinks more in the North America area with respect to the PNA-like pattern. 
Besides, the trajectories from EOF and observation results are still 88. 7% correlated with 
each other. 
The EOF result identifies the interannual change of circulation pattern and the 
oscillation of trajectories, and correlates with the PNA-like pattern in the cold ENSO 
event that is the major mode of the climate change. Wallace and Gutzler (1981) also 
employed the correlations between geopotential heights on a given pressure surface at 
widely separated points on earth (i.e., teleconnection) to identify and interpret the 
recurrent spatial patterns which may be indicative of standing oscillations in the 
large-scale waves during the northern winters. Therefore, the evidence of interannual 
oscillation of the trajectories due to the circulation change revealed from different ENSO 
episodes can be mathematically proved by the EOF result. 
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4.3.4 Interdecadal variation 
Since long-term global warming is one of the reasons to cause climate change, the 
interdecadal variation can affect cyclone activity in the past five decades. Essentially, the 
time series of the first interdecadal eigencoefficient of the 500-mb geopotential height 
field (hereinafter Cl intdec(Z500)) (thick line in the Fig. 4.8a) displays a positive 
interdecadal trend among the 53 winters in the Northern Hemisphere and the climate 
transition occurring around the 1976/77 winter. Meanwhile, the first eigencoefficient of 
the trajectory (hereinafter Clintde\TR)) (dashed line in Fig. 4.8a) also shows the same 
result. This indicates that the interdecadal variation of circulation can affect the 
propagation of circumpolar cyclones to expand/shrink in the first/last two decades. 
The first interdecadal eigenvector of 500-mb height field (hereinafter 
El intdec(Z500)) presents a negative anomalous circulation pattern in the circumpolar 
region of the Northern Hemisphere (Fig. 4.8b). There are three centers of action 
(low-pressure areas) located in the North Pacific, the northern North Atlantic (near 
Greenland), and the Kara Sea. Therefore, the first interdecadal eigenvector of trajectory 
(hereinafter Elintde\TR)) (circle line in Fig. 4.8b) seems to be trapped in the three 
low-pressure areas and shows a smaller propagating route. The El intde\Z500) represents 
40.0% of the atmospheric condition and the El intdec(TR) represents 73.7% of the 
trajectory condition. Both eigenvectors can display the major mode conditions. 
In order to examine the interdecadal variation and support the above result, the 
difference chart of 500-mb geopotential height field between the first (1950-1970) and 
last (1980-2000) 21 winters is used to compare. The anomalous circulation pattern 
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Fig. 4.8 (a) The time series of interdecadal Cl(Z500) (solid line) and Cl(TR) (dashed 
line) in the Northern Hemisphere (NH). (b) The anomaly of interdecadal 
El(Z500) and El(TR) (circle line) superimposed with climatological 
trajectory (light-shaded dashed line). ( c) The difference chart of 500-mb 
height field between 1950/70 and 1980/2000. The contour interval is Sm. 
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shows a similar result; and in fact, it is highly correlated with the E 1 intdec(Z500) pattern 
at a level of 96.9%.Therefore, the interdecadal trend does exist and the anomalous 
500-mb geopotential height field can affect the propagation of circumpolar cyclones. 
After comparing the EOF results with the difference chart of 500-mb geopotential 
height between the last and first 21 winters to show the high correlation in the Northern 
Hemisphere, it is necessary to focus on the Nifi.o3.4 area by doing the EOF analysis again 
for the interdecadal variation of SST anomaly to test if it can be a forcing to affect 
circulation. In Fig. 4.9a, the Cl intdec(Z500) shows a positive interdecadal trend as well as 
the climate transition around 1976/77 in the Nifi.o3.4 area. Since the ENSO events have a 
variable onset period between 2 to 7 years (Chen et al., 1996), the 7-year running-mean 
method is employed to isolate the interdecadal variation of the SST anomalies ( dashed 
line in Fig. 4.9b). Meanwhile, the linear squares trend fit is used to extract a linear 
interdecadal trend (thick line in Fig. 4.9b) from the SST anomalies that is increasing. 
The El intdec(Z500) (rectangular chart in Fig. 4.9c) representing 97.9% of the 
atmospheric condition shows a positive value of the 500-mb height field in the Nifi.o3 .4 
area. Its PNA-like pattern indicates that the major mode of the interdecadal height field 
variation is deeper due to the forcing of warmer SST anomalies. Meanwhile, the 
difference chart (Fig. 4.9d) of anomalous 500-mb height field of high/low SST 
interdecadal index is correlated with the E 1 intdec(Z500) pattern at a level of 91.2%. Three 
centers of action are shown in the difference chart and the one located in the North 
Pacific is stronger. This is because the center here reveals the forcing of SST anomalies 
mainly from the Nifi.o3 .4 area. 
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Fig. 4.9 The time series of (a) interdecadal C 1 (Z500) in the PNA-like area, (b) 
interdecadal trend (dashed line) and decadal trend (solid line) of 
~SST(Nifio3.4). The anomaly of (c) El(ZS00) (rectangular chart) and its 
PNA-like pattern. (d) The difference chart of 500-mb height field between high 
and low interdecadal variation of ~SST(Nifio3.4). Contour interval is Sm. 
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It is worthwhile to note there is no significant climate transition around 1976/77 
from the SST index (Fig. 4.9b). In addition, with the 7-year running-mean method, the 
results show a change of ENSO episodes within 2 to 7 years. Therefore, the variation of 
ENSO episodes does not display an obvious low-frequency oscillation, such as the 
interdecadal trend. The other possibility can be the data quality. In the past, few 
high-quality sensors or buoys were installed over the ocean to measure sea surface 
temperature. Most of the time, the SST was occasionally measured by a simple 
instrument on the scheduled ships communicating over the seas. This may have caused 
errors. After the FGGE (First Global GARP (Global Atmospheric Research Project) 
Experiment) year in 1978/79, high-quality data and better interpolation methods fixed the 
lack of data. By using satellite data and modeling programs, a record of SST data was 
re-established for the past. But, without more precise atmospheric data as the boundary 
condition, it is really hard to reconstruct the sea surface temperature over the huge ocean 
that comprises 70% area of the earth. 
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CHAPTER 5. THE NAO AND AO INFLUENCES ON 
CIRCUMPOLAR CYCLONES 
5.1 Introduction 
So far, except for the well-known ENSO episodes, there are two more 
atmospheric oscillations widely used in recent research. They are the North Atlantic 
Oscillation (NAO) and the Arctic Oscillation (AO). In the late 18th century, the NAO 
teleconnection was discovered from the conversely related weather in Greenland and 
Europe. After more than a hundred years of scientific research, the North Atlantic 
Oscillation was identified by Walker and Bliss (1932) and a zonally symmetric seesaw 
between sea level pressures in the polar regions and temperatures in the latitudes (Lorenz 
1951 ). The fundamental mechanism behind the variability of NAO still remains a 
mystery. 
The interdecadal trend shows a positive variation. This affects the propagation of 
the circumpolar cyclones and makes the trajectory move northward over the North 
Atlantic and Northern Europe. Meanwhile, the case numbers of the circumpolar cyclones 
fluctuate with the NAO index and become higher/lower in the high/low NAO episodes. 
In a later discussion, the anomalous circulation pattern, vorticity budget analysis, and the 
EOF analysis are used to interpret the NAO influence on the circumpolar cyclone 
activity. 
However, most of the NAO fluctuations occur in the polar area (roughly within 
60°N to the north pole), which provides a more zonally symmetric appearance 
(Thompson and Wallace, 1998). Therefore, the fluctuation of the polar vortex on either 
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sea level pressure or geopotential height field makes an influence on the circumpolar 
cyclone activity, especially for the interannual and interdecadal time scales. In addition, 
the Arctic Oscillation reveals a circumglobal influence different from the regional PNA 
or NAO. Based on this, the oscillation of the vortex in the polar region makes the 
circumpolar cyclones migrate southward/northward, which can affect the weather at the 
same time in the Northern Hemisphere around the middle latitude. Thus, the fluctuation 
of the propagating length oscillates with the AO index to shrink/expand the trajectory. 
Using the same techniques as for NAO, all the methods are adopted to explain how the 
anomalous circulation under the AO index can affect the propagation of the circumpolar 
cyclones. 
After analyzing the observation data by the aforementioned atmospheric 
oscillations, it is necessary and interesting to use model output to examine the responses 
for simulating the above three oscillations. This will help to better understand the 
characteristics of the model itself and provide some possible suggestions for 
improvement. 
5.2 NAO's Impact 
5.2.1 Mechanism impacting on circumpolar cyclones 
The NAO occurs in the North Atlantic and mainly reveals the weather 
teleconnection between Iceland (64°N, 21 °E) and the Azores (38°N, 27°W) (Rogers, 
1997), Iceland and Lisbon (38°N, 9°W) (Hurrel, 1995), and Iceland and Gibraltar (36°N, 
5°W) (Jones et al., 1997) for the different seasons. The earlier studies showed that the 
land-to-sea NAO happens more frequently during the winters and the land-to-land NAO 
56 
during the extended winters, springs, or falls (also Jones et al., 1997). In this study, the 
oscillation of the sea level pressure between Iceland and the Azores is used mainly for 
wintertime analysis. 
In the high NAO years, the geopotential height field deepens more in the North 
Atlantic north of 50°N (as shown in Fig. 5.la). With the center of action close to Iceland, 
the Icelandic low deepens and the stronger zonal winds appear there (Fig. 5 .1 b ). The 
circumpolar cyclones move northward to this area, similar to the behavior for them to 
move into the Aleutian low under the extreme ENSO conditions. With the enhanced 
zonal wind, the jet induces more vorticity and stronger vertical motions. The regional 
trough, generated by the large gradient of the zonal wind and the accompanying 
maximum vorticity at its center, induces a positive vorticity advection (Fig. 5. le) ahead 
of the trough as well as a negative vorticity stretching (Fig. 5 .1 d). Therefore, the positive 
vorticity advection drives the circumpolar cyclones to an eastward propagation and the 
negative vorticity stretching reveals a divergence/convergence in the upper/lower 
troposphere ahead of the trough that is helpful for cyclogenesis. Both the vorticity 
advection and vorticity stretching balance with each other to be quasi-geostrophic and 
are also in quadrature with vorticity. On the other hand, during the low NAO episodes (as 
shown in Fig. 5.2), the geopotential height field deepens in the North Atlantic below 
50°N. Therefore, the stronger zonal wind area moves southward to the southern North 
Atlantic and the maximum vorticity and stronger vertical motions occur here. Therefore, 
the vorticity budget analysis works the same way to keep the trajectory southwards. The 
high/low NAO episodes are usually called the warm/cold phases (see Appendix B-1 and 
B-2). 
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Fig. 5.1 The anomaly of (a) 500-mb geopotential height field, (b) 200-mb zonal wind, 
( c) 200-mb vorticity advection, and ( d) 200-mb vorticity stretching under 
high NAO extreme phases superimposed with average trajectories in 
climatology (denoted by light-shaded dashed line) and in high NAO extreme 
phases ( denoted by circle line). Contour interval is 5m in ( a), 0.5ms-1 in (b ), 
and 2.5x10-9s-2 in (c) and (d). Shading information is on the bottom-right side 
of each chart. 
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Fig. 5.2 The same as in Fig. 5.1, except in the low NAO extreme phases, and the 
average trajectory of low NAO extreme phases is denoted by dotted line. 
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During the warm phase, warm and salty water from the North Atlantic Ocean 
flows into the Arctic Ocean (Hodges, 2000). More water vapor and lower sea level 
pressure occur in the polar region and the relatively higher-than-normal pressure occurs 
at the lower latitude. A weaker high stops the cold air mass from penetrating further and 
forms a warmer winter for the United States and northern Eurasia. But, the colder air 
usually stays in Greenland, so the winters there are colder. 
On the contrary, during the cool phase, very little warm water flows into the 
Arctic Ocean and the higher-than-normal pressure dominates the area ( also Hodges, 
2000); meanwhile, lower pressure is in the lower latitude. Therefore, the United States 
and Eurasia are now relatively warm and Greenland is relatively cold. 
Based on the above points, a stronger wind flows over the northern North Atlantic, 
and its associated rain belt gives most of the Eurasian area moist weather during the warm 
phase. Conversely, during the cold phase, the relatively strong winds occur over the 
southern North Atlantic; thus, Europe is drier with the southward moving rainbelt 
impacting North Africa and the Middle East instead. 
5.2.2 Case study and EOF results 
The composite trajectory, observed under the NAO condition, has the same 
behavior to propagate along the geopotential height field as the earlier discussed ENSO 
condition. Hence, it is still necessary to examine the daily propagation case by case 
through the vorticity budget analysis. 
There is no doubt the vorticity advection is positive ahead of the case trajectory 
and negative vorticity stretching happens as well. This indicates that the vorticity 
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Fig. 5.3 (a) The X-t diagram of daily 200-mb vorticity budget analysis superimposed 
with the trajectory in the regular winter. The vorticity tendency, vorticity 
advection and vorticity stretching are partially plotted in (al), (a2) and (a3). 
The same as (a) in (b) and (c), except in the high and low NAO extreme 
winter. The dashed line represents the case trajectory in regular winter. 
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advection is still the mam driving force for the circumpolar cyclones to propagate 
eastward and the negative vorticity stretching provides divergence/convergence in the 
upper/lower troposphere to induce cyclogenesis ahead of the trough. In addition, the 
vorticity advection and vorticity stretching can balance to become quasi-geostrophic. 
Moreover, the sum of the vorticity advection and vorticity stretching shows a positive 
vorticity tendency ahead of the case trajectory, helpful for cyclones to have a circumpolar 
propagation. 
On the X-t diagram of the vorticity budget analysis in the Fig. 5.3a, a single case 
under the regular (non-NAO extreme) event shows a 28-day circumpolar propagation. 
Comparing this with another single case under the high/low NAO extreme episode (Figs. 
5.3b and 5.3c), it is found that the cyclone propagates with a shorter/longer duration. The 
same result is revealed by the composite trajectory. Therefore, the length of the 
propagation is shorter/longer in the high/low NAO years. 
Kutzbach (1970) showed that the first several eigenvectors are able to display the 
major center of action at the subpolar oceanic lows. The forms of the first several 
eigenvector patterns indicate the geographic regions of greatest year-to-year variability 
and suggest some spatial associations. From the EOF analysis in Fig. 5.4a, the 
Cl intann(Z500) coincides with the time series of the NAO index of sea level pressure 
(Fig.5.4c). Not every year coincides well, but it does for the extreme phases. This 
indicates that the major mode of the temporal response still oscillates with the difference 
of sea level pressure between Iceland and the Azores. Van Loon and Rogers ( 1978) also 
adopted the method to describe the NAO seesaw by using the SLP anomalies and 
matched with Kutzbach's EOF results. However, the time series ofClintann(TR) (Fig. 5.4b) 
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Fig. 5.4 The time series of interannual (a) Cl(Z500), (b) Cl(TR), and NAO index of 
SLP. The anomaly of (dl) El(Z500) and El(TR) (circle line), and (d2) 500-mb 
height field superimposed with high-NAO trajectory (circle line). The 
climatological trajectory in ( d 1) and ( d2) is denoted by dashed line. The contour 
interval of height field is 1 Om. 
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does not match well with the C 1 intann(Z500) or the NAO index of sea level pressure. One 
main reason is because the oscillation of the trajectory length is dominated by the 
PNA-like pattern, revealing the fluctuating sea surface temperature. 
On the El intann(Z500) pattern in the Fig. 5.4dl, the center of action in Greenland 
shows relatively lower pressure (deeper height field) than that in the southern North 
Atlantic. The E 1 intann(TR) is trapped on the E 1 intan°(Z500) pattern, indicating that the 
oscillation of the trajectory over the North Atlantic is correlated with the major 
anomalous circulation. With a correlation of 87.4% between the high-NAO-index 
anomalous circulation (in Fig. 5.4d2) and the El intann(Z500), the EOF results simulate the 
major mode of the atmosphere based on the NAO index. This is also evident from the 
observed trajectory (also in Fig. 5.4d2) and El intann(TR) with a correlation of 97.7%. 
Nevertheless, all of the major phenomena are only significant in the North Atlantic area 
under the NAO condition. 
5.2.3 Interdecadal variation 
By the technique of using the EOF analysis and 7-year runmng-mean, the 
interdecadal variations are revealed by both the height field and the NAO index in Figs. 
5.5a and 5.5b. These interdecadal variations show a systematic oscillation. There is a 
negative/positive primary peak period of more than 15 winters prior to/post 1976/77 
winter, as well as a positive/negative secondary peak period of 3 to 7 winters. Besides, an 
increasing interdecadal trend is hiding in the above variation. This indicates that the 
anomalous sea level pressure is much higher/lower in Greenland prior to/post 1976/77, 
which is the same result revealed from the discussed Cl intdec(Z500) and Cl intde\TR) of 
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Fig. 5.5 The time series of (a) interdecadal Cl(Z500) in the NAO area, (b) interdecadal 
trend (dashed line) and decadal trend (solid line) of NAO index of SLP. The 
anomaly of ( c) E 1 (2500) in the NAO area. ( d) The difference chart of 500-mb height 
field between high and low interdecadal variations of NAO index of SLP. Contour 
interval is Sm. 
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the Northern Hemisphere. Moreover, the interdecadal NAO curve also displays a climate 
transition, which causes a different large-scale anomalous circulation patterns in the 
first/last 25 winters during the past half century. Although the secondary peaks make a 
slight opposite oscillation with respect to the primary peaks in the first/last 25 winters, 
the major climate change is still dominated by the primary peaks of longer periods. 
Therefore, the interdecadal NAO curve is coincident with the EOF results. 
In order to better understand this, a difference chart of composite geopotential 
height field that is based on the high/low (or positive/negative) interdecadal NAO index 
shows a deeper vortex in the polar region. Like the interdecadal ENSO condition, there 
are also three separate centers of action in Greenland, west Siberia, and the Bering Sea. 
However, instead of the strongest low-pressure area being located in the North Pacific 
under the ENSO condition, the low-pressure area is much more significant in the North 
Atlantic. An evolution of the atmospheric moisture budget by Hurrel (1995) revealed the 
coherent large-scale changes since 1980 that are linked to recent dry conditions over 
southern Europe and the Mediterranean, whereas northern Europe has generally 
experienced wetter than normal conditions. Therefore, the interdecadal NAO index is 
able to cause a large climate change regionally in the North Atlantic. Moreover, the 
difference chart of anomalous circulation correlates with the El intdec(Z500) pattern at a 
level of 99.4%, which is higher than under the ENSO conditions and the El intdec(Z500) 
represents 65.7% of atmospheric condition as well. Thus, the EOF results of both 
geopotential height field and trajectory are much closer to the interdecadal fluctuation of 
the NAO rather than the ENSO. 
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5.3 AO's Impact 
5.3.1 Mechanism impacting on circumpolar cyclones 
As mentioned in the introduction at the beginning of this chapter, the NAO and 
AO have many similar characteristics in the polar region, because the polar region plays 
an important role in forming each oscillation. However, the former is only regionally 
significant in the North Atlantic, but the latter is a global influence over the northern 
mid-latitude. This implies that the enhanced/deepened polar vortex could make the 
trajectory of average cyclone locations expand/shrink (as shown in Figs. 5.6a and 5.7a). 
This is evident from the anomalous circulation pattern that contains a more zonally 
symmetric flow (as shown in Figs. 5.6b and 5.7b). 
On the composite anomalous geopotential height field of the high AO index, there 
are two main low-pressure centers in the polar vortex; one is very close to the north pole 
and the other one is around Greenland. The latter still shows a somewhat NAO-like 
phenomenon, but both make a symmetric fluctuation that causes a stronger polar 
oscillation than the NAO. Moreover, the circumpolar cyclones reveal an oscillation with 
a smaller trajectory. Because the polar vortex deepens poleward with latitudes, as well as 
symmetrically, the trajectory is trapped in the polar vortex. 
Unlike the trajectory oscillating in the North Atlantic only significantly under the 
NAO condition, the trajectory here fluctuates with almost the same difference of latitude. 
During the low-AO-index episode (as shown in Fig. 5.7), the anomalous circulation and 
trajectory show a similar response, with an opposite polarity. The zonal wind is also 
more zonally symmetric in the AO extreme phases. This induces a somewhat zonally 
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Fig. 5.6 The anomaly of (a) 500-mb geopotential height field, (b) 200-mb zonal wind, 
( c) 200-mb vorticity advection, and ( d) 200-mb vorticity stretching under high 
NAO extreme phases superimposed with average trajectories in climatology 
(denoted by light-shaded dashed line) and in high AO extreme phases (denoted 
by circle line). Contour interval is 10m in (a), lms-1 in (b), and 1x10-10s-2 in (c) 
and (d). Shading information is on the bottom-right side of each chart. 
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Fig. 5. 7 The same as in Fig. 5 .6, except in the low AO extreme phases, and the 
average trajectory of low AO extreme phases is denoted by dotted line. 
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symmetric vorticity as well and still contains the ENSO impact in the North Pacific and 
the NAO impact in the North Atlantic. Even so, the vorticity advection (Figs. 5.6c and 
5.7c) and vorticity stretching (Figs. 5.6d and. 5.7d) do not show a very zonally 
symmetric pattern, although the former is positive ahead of the troughs in the North 
Pacific and North Atlanta to drive the propagating circumpolar cyclones eastward, and 
the latter 1s negative as well to provide cyclogenesis based on the 
divergence/convergence at upper/lower troposphere ahead of the troughs. Meanwhile, the 
vorticity advection and vorticity stretching still balance each other to be 
quasi-geostrophic, and the maximum vorticity is also in quadrature with those two main 
components of the vorticity budget. 
However, the zonally symmetric zonal wind is much better for interpreting the 
impact on the circumpolar cyclone activity. The real pattern of the anomalous circulation 
of high/low AO extreme phases shows a dynamical process that influences the 
circumpolar cyclones. 
In addition to the ENSO mainly impacting on the total case numbers of cyclones 
(Fig. 5.8a), the AO plays an important role to influence the length of the trajectory of 
average cyclone locations (as shown in Fig. 5.8b). Based on earlier discussions, the 
trajectory shrinks/expands with respect to the stronger/weaker polar vortex under the 
high/low AO extreme phases (Fig. 5.8c). This indicates that the length of the trajectory 
becomes longer/shorter with a maximum range of 3000 km. There are three exceptions 
occurring in 1972/73, 1984/85 and 1991/92. According to the comparison with other 
oscillation indices, the following exceptions are determined: 
a. The winter 1972/73 is a warm ENSO event. The trajectory is still primarily 
21 (a)Nc DJF(50/02) 
19 flt~:; 
17 
----- :-=" _, -
·::·:: 5 I :,::;: I I , · I 
35 (b )TR_Index 
1 ~ -5 
70 
> -
J I 
=- --- - = - - 12 .9 
~QH-H4H-H#-+\!l++-hH-++H++-tt1HRIIH--Ht-~~+\l-t-fi-tH-+'1111-hH\t~~~ 
0 .... 
-17.5 
-35 
40 
20 
80H-+~H-+~~f\-+l-f-\+ff--i\+-+-H4-9JH-+--H+-~-+-f'-++-+-H-w-+-+-+i&+-IH-f-+H"'f-++-++I 
- 20 
-40 
2 (d)~ 
-1 
-2 
10 
5 
so--Htt+~-----+-t--t#-1t--r-+-tl--t-+-~t-t-t-~tH-i-++-HH _____ +-+-I~ 
- 5 
- 1050 
Fig. 5.8 The time series of (a) total circumpolar cyclone case numbers (Ne); and 
interannual variation of (b) cyclones' propagating length, (c) AO index of 
500-mb height field, ( d) sea surface temperature in the Nifio3 .4 area, and ( e) 
NAO index of sea level pressure. Shaded/dotted areas in (a) represent the 
warm/cold ENSO winters. 
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influenced by the ENSO effect to become larger, although this winter is also a 
high AO episode. 
b. On the contrary, the winter 1984/85 is a cold ENSO event. Although the winter is 
a low AO episode as well as a low NAO phase at the same time, the trajectory is 
shorter due to the main influence of the cold-ENSO effect. 
c. For the winter 1991/92, the trajectory does not oscillate with the high AO effect, 
but with the warm ENSO index. Therefore, the trajectory becomes longer. 
Summarizing the above three exceptions, they occur almost in both AO and 
ENSO extreme phases. It is evident that the circumpolar cyclones usually change the 
propagation more under the ENSO condition rather than the AO and NAO conditions, 
when one or both of the latter oscillations exist at the same time. 
5.3.2 Case study and EOF results 
From the vorticity budget analysis of the circumpolar cyclones case by case under 
the AO condition, it is shown that the positive vorticity advection is ahead of the cyclone 
as well as the negative vorticity stretching (as shown in Fig. 5.9). The vorticity tendency 
from the sum of the vorticity advection and vorticity stretching is positive ahead of the 
case to drive the cyclones to propagate eastward. 
In Fig. 5.9a, a single case under the regular (non-AO) extreme winter shows a 
30-day circumpolar propagation. Since the trajectory shrinks/expands with respect to the 
stronger/weaker polar vortex in the high/low AO extreme phases, as discussed. Therefore, 
after comparing a single case in the high/low AO extreme phases with a regular case on 
the X-t diagram, it is shown that the trajectory undergoes a shorter/longer duration for 
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Fig. 5.9 (a) The X-t diagram of daily 200-mb vorticity budget analysis superimposed 
with the trajectory in the regular winter. The vorticity tendency, vorticity 
advection and vorticity stretching are partially plotted in (al), (a2) and (a3). 
The same as (a) in (b) and (c), except in the high and low AO extreme winter. 
The dashed line represents the case trajectory in regular winter. Contour 
interval is 1 x 10-10 s-2• 
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Fig. 5.10 The time series of interannual (a) Cl(Z500), (b) Cl(TR), and AO index of 
Z(500mb). The anomaly of (dl) El(ZS00) and El(TR) (circle line), and (d2) 
500-mb height field superimposed with high-AO trajectory ( circle line). The 
climatological trajectory in (dl) and (d2) is denoted by dashed line. The 
contour interval of height field is 1 Om. 
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the life cycle. 
Next, the Cl intann(Z500) shows almost the same oscillation that is coincident with 
the time series of AO index (as shown in Fig. 5.10). This indicates that the major mode 
of temporal variation coincides with the fluctuation of the geopotential height field in the 
polar region. In the high/low AO extreme phases, the geopotential height field 
deepens/enhances to show the enhancing/weakening polar vortex. The Cl intann(TR) is 
coincident with the AO index in a way that shows a time shift of plus/minusl winter. 
The El intann(Z500) pattern presents two centers in the polar region. One locates 
close to the pole and the other one is in Greenland. The centers agree with those on the 
anomalous circulation pattern under the high AO extreme phase. Thus, the El intann(Z500) 
is correlated with the above anomalous circulation pattern of a level of 87.6%. Moreover, 
the El intann(TR) shrinks with respect to the average trajectory, which reveals the impact 
of the E 1 intann(Z500) pattern with the enhanced polar vortex. Also, the composite 
trajectory of high AO index shows a shrinking pattern embedded on the anomalous 
circulation pattern. Therefore, the E 1 intann(TR) and the composite trajectory of a high AO 
index are coincident with a correlation of 96.9%. Thompson and Wallace (1998) showed 
that the leading EOF of the wintertime sea level pressure is more strongly coupled to 
surface air temperature fluctuations over the Eurasian continent than the NAO. It 
resembles the NAO in many respects, but its primary center of action covers more of the 
Arctic, giving it a more zonally symmetric appearance. The AO can be interpreted as the 
surface signature of modulation in the strength of the polar vortex aloft. 
75 
5.3.3 Interdecadal variation 
After the discussion of the interannual Arctic Oscillation impacting on the circumpolar 
cyclone activity, the interdecadal trend shows another possible influence (in Fig. 5.1 la). 
The 7-year running-mean is employed to extract out the interdecadal variation (in Fig. 
5.llb) from the time series of the interannual AO index. Like the NAO, there is a 
primary peak with negative/positive values of more than the 15 winters prior to/after the 
winter 1976/77, as well as another secondary positive/negative peak of 4 to 9 winters. 
This shows two sub-primary peaks in both of the negative primary peaks; even though, 
the whole groups of the winters in the negative primary and secondary peaks still 
represent the major mode of interdecadal change. This time series of interdecadal AO 
index coincides with more periods of winters with the C 1 intdec(Z500) curve. Also, a 
climate transition in the winter 1976/77 is revealed from the interdecadal AO curves. 
The difference chart of composite anomalous geopotential height field of 
high/low interdecadal AO index indicates three centers of action. They are in the North 
Pacific ( close to Bering Sea), North Atlantic ( close to Greenland), and the northern 
Eurasia ( close to the Kara Sea). All of the centers have almost equivalent value. These 
values indicate that the Artie Oscillation makes an equivalent influence around the globe. 
This is very different from the other two aforementioned interdecadal atmospheric 
oscillations. Comparing the above difference chart with the El intdec(Z500) pattern, a 
correlation of 91.8% indicates that the difference chart under the AO condition can 
represent the most atmospheric interdecadal variation and is even more comprehensive 
than the ENSO and NAO conditions, because it is within the circumpolar region. 
Since the Arctic Oscillation always presents a global influence, one of the centers 
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Fig. 5.11 The time series of (a) interdecadal CI (Z500) in the AO area, (b) interdecadal 
trend (dashed line) and decadal trend (solid line) of AO index of Z(500mb). 
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of action in the North Pacific essentially shows the ENSO impact with a PNA-like 
pattern induced by the anomalous SSTs in the Nifto3.4 area; another center of action in 
the North Atlantic highly represents the NAO phenomenon. Meanwhile, there shows an 
increasing trend in the time series of interdecadal AO index, implying a deeper 
circulation pattern. This is already shown by the difference chart of anomalous 
circulation of interdecadal high/low AO index. With an enhanced polar vortex revealed 
from the positive interdecadal trend, the trajectory shrinks poleward and is trapped by the 
three centers of action. 
5.4 NSIPP Model Simulation 
5.4.1 Climatology of the model data 
There are many operational weather centers in the world attempting to use 
numerical methods to simulate the climate and help improve forecasting. In this study, 
the NSIPP model daily data (at 1200 UTC) are used to trace the circumpolar cyclone 
activity and determine how the simulation to the atmospheric oscillations occurs in 
general. 
The circumpolar cyclones follow the contours of the geopotential height field 
almost around the latitude of 40-50°N. From the gradient of the height field contours, 
three main trough areas are shown along the western U.S. coast, middle Europe, and the 
eastern Siberia (as shown in Fig. 5.12a). 
Adopting the same selecting criteria for circumpolar cyclones through the 
observation data, those cyclones with cyclogenesis in East Asia and North America are 
registered. On the distribution of cyclone locations (as shown in Fig. 5.12b ), the 
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occurrence of frequency shows two peak areas of 1.4 cases per winter in east Siberia as 
well as 1.6 cases along the eastern U.S. coast, located around the jet induced by the large 
gradient of geopotential height field. The maximum occurrence frequency of circumpolar 
cyclones by the NSIPP model data is comparable with that by the observation data, but 
the locations are not quite the same, due to the different trough areas simulated by the 
model data, although they are basically in East Asia and North America. 
Looking at the time series of case numbers from the winter of 1979 to 1999 ( as 
shown in Fig. 5.12c), the interannual variation indicates that the occurrence of the 
circumpolar cyclones reveal the fluctuation of the general circulation. The average case 
number is about 12 cases per winter, a smaller number than the observation data. 
However, this interannual variation of case numbers does not oscillate with the 
fluctuation of anomalous SSTs in the Nifio3.4 area. On the other hand, the life cycle (in 
Fig. 5.12d) shows a coincident variation with the SSTs and has an average of 28.7 day 
per round comparable with the observation data. Since the NSIPP model is based on the 
SSTs in the Nifio3.4 area for the simulation, it can reveal the ENSO events and make the 
anomalous circulation become a PNA-like pattern. Therefore, the length of propagation 
varies with the ENSO extreme phases. But the model is disabled to better simulate the 
strength of the circulation as well as the location; thus, the case numbers do not match 
with the ENSO and the location of cyclogenesis has a spatial shift. Despite this, the 
NSIPP model data still present the circumpolar cyclone activity embedded on the 
large-scale circulation pattern of wave number 3. 
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5.4.2 Comparison with different atmospheric oscillations 
As discussed in an earlier section, the model circulation simulates a PNA-like 
pattern induced by the SSTs, the trajectory moves southward/northward in the North 
Pacific with respect to the movement of the low-pressure area induced by the stronger 
zonal wind fields. 
Because the centers of action in the model PNA-like pattern are different from the 
observation data, the shape of the trajectory is also not quite the same. Essentially, the 
propagation of circumpolar cyclones reveals the variation of the geopotential height field 
from following the contours. 
From the time series of the NAO and AO computed by the 500-mb geopotential 
height field of the NSIPP model data in the Fig. 5.13, they reveal different oscillations 
from the observation data. However, they are still coincident in a way, although the 
amplitudes of the fluctuation are different. This means that the NSIPP model has its own 
response for the NAO and AO, and they can still coincide to indicate that the model is 
able to show the characteristics of zonal symmetry in the polar region. Therefore, 
dynamically, the polar vortex enhances/weakens during the high/low NAO or AO 
extreme phases, similar to the observation data. 
On the horizontal chart of anomalous circulation in the Fig. 5.14, the zonally 
symmetric pattern of NAO or AO episodes shows the same phenomenon explored earlier 
by the indices. However, the anomalous circulation patterns of the NAO extreme phases 
are not able to represent an oscillation in the North Atlantic. Actually, these patterns are 
more like the AO effect, just the anomalous circulation is not that strong. Therefore, the 
trajectories under the NAO condition are also more like those found under the AO. 
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Fig. 5.14 The anomaly of 500-mb height field in the (a) warm ENSO winters, (b) cold 
ENSO winters, (c) high NAO extreme phases, and (d) high AO extreme 
phases. The trajectories of climatology (light-shaded dashed line) and 
average cyclones under the above four different conditions are 
superimposed. Contour interval is Sm. 
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On the contrary, the anomalous circulation pattern of the high/low AO index is 
better simulated. The circulation is more zonally symmetric and fluctuates with the 
oscillation of the polar vortex. There are three centers of action in the polar region 
located at Canada, Greenland, and northern Eurasia. With oscillation of the polar vortex, 
the trajectory of the high/low AO episodes shrinks/expands, and its shape fits the zonally 
symmetric pattern. 
Therefore, the NSIPP model data embedded on the SSTs as a boundary cannot 
only simulate the ENSO events, but also represent the AO effect. Some possibilities for 
improving the model simulation are 
a. a better interpolation method to better simulate the strength of the fields. 
b. a better orographic effect to improve the location of weather systems. 
c. modify the north-south anomalous circulation to ease the over cooling in the 
polar region. 
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CHAPTER 6. TELECONNECTION OF SEVERE WEATHER 
IN THE NORTH PACIFIC 
6.1 Introduction 
In the past three chapters, the atmospheric oscillations, including the ENSO, NAO 
and AO, impacting on the circumpolar cyclone activity have been discussed. It is 
summarized that the ENSO is a regional influence on the propagation of cyclones mainly 
in the North Pacific. Kousky (1985) and Palmer and Owen (1986) showed a correlation 
of the weather system in the United States and the fluctuations of sea level pressure and 
sea surface temperature over the tropical Pacific. Chen et al. (2002) documented several 
aspects of the atmospheric conditions impacting the development of cold surges in East 
Asia during the wintertime. Moreover, Chen (2002) reported the occurrence frequency of 
cold surges fluctuates with the ENSO events. A study conducted by Hsu and Lin (1992) 
showed a wave-like structure propagating downstream around the globe. This can be 
adopted to interpret the teleconnection relationship of the severe weather in East Asia 
and North America. 
Based on the above review, the severe weather appearing in East Asia and North 
America during the same time period should be observed under a teleconnection 
relationship. Actually, through selecting the circumpolar cyclones, the teleconnection of 
severe weather is confirmed and documented. With the help of surface charts issued by 
the Japanese Meteorological Agency (JMA) and the National Meteorological Center 
(NMC), severe weather is defined as the mid-latitude front occurring in East Asia and 
North America. During the same period, these fronts bring in a large amount of 
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precipitation and strong winds to make the weather hazardous in both regions. 
Then, the Fourier analysis of streamfunction is employed to examine whether the 
severe weather in East Asia and North America is modulated by some wave components. 
In a later section, the short wave component (waves 4-15) will show this modulation and 
also interpret the teleconnection effect influenced by the ENSO extreme phases. 
6.2 The ENSO Impacting on the Occurrence of Teleconnection 
In order to examine the influence of the ENSO on the teleconnection of severe 
weather, a group of warm ENSO events (1982/83, 1986/87, 1991/92, 1994/95, and 
1997/98) and cold ENSO events (1984/85, 1988/89, 1995/96, 1998/99, and 1999/2000) 
are adopted for the case selection. It is obvious that more/less number of cases appears in 
the cold/warm ENSO years. On the average, there are 5.6 cases per winter occurring in the 
cold ENSO phase as well as 2.6 cases in the warm ENSO phase (as shown in Fig. 6.la). 
From an earlier discussion in the past chapters, the PNA-like pattern is influenced 
by the ENSO extreme episodes induced by the anomalous sea surface temperature in the 
Nifio3.4 area and more/less cyclogenesis occurs in East Asia during the warm/cold ENSO 
years. This is because the relatively cooler/warmer temperature field in East Asia helps to 
form more/less cold air outbreaks to become circumpolar cyclones. However, the case 
number of teleconnection does not increase/decrease with a more/less occurrence of cold 
air outbreaks in East Asia. One possibility is the wave-like pattern connecting severe 
weather in East Asia and North America may be weaker/stronger in the warm/cold ENSO 
events. Therefore, it is necessary to use the short wave component (waves 4-15) of 
streamfunction to examine the modulation of teleconnection. The results 
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will be discussed in a later section. 
The period of teleconnection of severe weather usually lasts from one to four days 
and no more than five days. The life cycle of a mid-latitude front is about a week, and the 
influence of the associated precipitation and strong winds usually continues three to five 
days. Therefore, this is a reasonable period of teleconnection through observation. 
Moreover, longer periods greater than three days often appear in the cold ENSO event. 
This may be evidence to describe a stronger teleconnection relationship usually occurring 
in the cold ENSO years. 
Another interesting phenomenon shown from the time series of the teleconnection 
periods in Fig. 6.1 b is that most cases occur in January, then December, followed by 
February. This reveals that most of the teleconnection cases appear in the middle of winter. 
Because December and February are partially the seasonal transition of fall/winter and 
winter/spring, the occurrence of the cold air outbreaks is not so strong in December and 
even decreases in February. Therefore, climatologically, more teleconnections in January 
may show a relation to more cold air outbreaks. 
6.3 Climatological Features 
It is not reasonable to set an exact threshold for determining the severe weather 
under teleconnection relationship. Therefore, the primary selecting criteria depend on 
whether the severe weather in both sides of the North Pacific can be modulated by the 
shortwave component of streamfunction. The selecting criteria include: 
a. Record the locations of fronts occurring in East Asia and North America partially 
by the JMA and NMC surface charts at 1200 UTC. 
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b. The associated precipitation and ~OLR (= OLRz-OLR), where ( )z is the zonal 
mean, have to be significant during the period of teleconnection. 
c. Check these fronts identified in steps 1 and 2 against the horizontal charts of 
shortwave component of 200-mb streamfunction. The locations of fronts that can 
be modulated by the shortwave component pattern are registered as the 
teleconnection cases. 
Through the above selecting criteria, the severe weather (synoptic-scale 
mid-latitude fronts) on both sides of the North Pacific is recorded. Then, the shortwave 
component of the streamfunction at 200-mb is adopted to filter out those fronts that can be 
modulated under this wave regime (as shown in Figs. 6.2a, 6.2bl and 6.2b2). Thus, these 
fronts are so-called severe weather under a teleconnection relationship. 
On the horizontal distribution of these fronts superimposed with the streamline at 
200-mb (as shown in Figs. 6.2cl and 6.2c2), one can summarize that 
a. in East Asia, the teleconnected fronts appear westward close to Southeast China in 
the warm ENSO event, and eastward close to the Bering Sea during the cold 
ENSO event. 
b. in North America, more cyclone activities occur on both U.S. coasts while less 
occur in the middle U.S. during the warm ENSO years. On the contrary, more 
cyclone activities occur in the middle U.S., while less on the both U.S. coasts 
during the cold ENSO years. 
In the warm/cold ENSO episodes, the sea surface temperature in East Asia is 
relatively cooler/warmer with respect to the Nifio3.4 area. In addition to the horizontal 
distribution of precipitation by latitudes, stratification reveals a spatial shift for the fronts 
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m the ENSO extreme phases. Therefore, the teleconnected fronts show a 
westward/eastward distribution described in the first point. 
The PNA-like pattern in the warm ENSO extreme phases induced by the 
anomalous sea surface temperature shows that two trough/ridge areas in both U.S. 
coasts/middle U.S. and the warmer SSTs in the western U.S. coast make more fronts occur 
on both sides of the U.S., and vice versa in the cold ENSO extreme phases. This can 
explain the observation found in the second point above. 
Palmer and Owen (1986) used the anomalous stream function to illustrate the 
possible teleconnection link between both sides of the North Pacific. Chen (2002) 
employed the anomalous precipitation and the shortwave components of potential velocity 
to show a North Pacific short wave train able to highly correlate the anomalous 
precipitation and the potential velocity cell. These past studies summarized the possibility 
of using a shortwave component to link severe weather. 
On the horizontal distribution of the occurrence frequency of these teleconnected 
fronts (as shown in Figs. 6.2bl and 6.2b2), the superimposed shortwave component of the 
upper-tropospheric streamfunction displays strong evidence of a link to the severe weather. 
One can also summarize that 
a. the North Pacific shortwave train is weaker/stronger during the warm/cold ENSO 
episodes. 
b. the train is bending poleward in the central North Pacific and closer/farther to the 
North Pacific rim in the warm/cold ENSO years. 
c. the values of the occurrence frequency of teleconnected fronts are smaller/larger in 
the warm/old ENSO events, and they are located in different areas as well. 
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The above results confirm the dynamics in Chen (2002) that presented the 
teleconnection by upper- and lower-tropospheric streamfunction budget analysis. 
Therefore, severe weather occurring on both sides of the North Pacific can be modulated 
by the shortwave train. 
Moreover, the Northern Pacific shortwave train shows less concordance at 
latitudes in the warm ENSO years and vice versa. It is obvious that the shortwave 
components of streamfunction cells are in an opposite polarity north/south of 40°N. This 
disconcordance weakens the Northern Pacific shortwave train and eliminates the 
occurrences of severe weather under the teleconnection. On the other hand, in the cold 
ENSO years, a stronger shortwave train is enhanced by the concordance of the shortwave 
components of the streamfunction. Thus, more severe weather occurs on both sides of 
North Pacific. 
6.4 Case Study 
The North Pacific shortwave train is discussed from the composite charts of 
shortwave components of stream function as well as the distribution of the teleconnected 
fronts. It is still necessary to examine the existence of the shortwave train by using more 
observational data case by case. 
6.4.1 Warm ENSO (2/25/1983) 
In Fig. 6.3al, the anomalous OLR (~OLR=OLRz-OLR), where ( )z is zonal mean, 
displays an arching distribution along the North Pacific rim that also follows the route of 
shortwave components of the streamfunction. Meanwhile, the front locations match well 
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with the stronger anomalous OLR value, indicating more precipitation occurring 
associated with the fronts. This is so evident because the OLR and fronts are from 
different data sources, but they are still coincident. Moreover, the precipitation on both of 
the JMA and NMC surface charts are also coincident with the anomalous OLR and the 
fronts. Thus, the severe weather of a large amount of precipitation ( denoted by positive 
~OLR) in East Asia and North America are modulated by the shortwave train. 
6.4.2 Cold ENSO (1/8/1989) 
Same as in the above single case in the warm ENSO year, the anomalous OLR 
shows a high correlation with the North Pacific shortwave train of the streamfunction. 
Except for this, the shortwave train is much stronger in this case. In the cold ENSO 
episode in Fig. 6.3a2, the shortwave component cells are so concordant at latitudes that 
they modulate severe weather. More precipitation associated with fronts is observed from 
both sides of the Pacific. In this cold ENSO case, more precipitation happens in the 
middle U.S. rather than both U.S. coasts due to a trough area existing in the Midwest that 
induces more frontal passages. With the stronger shortwave train, more fronts and 
associated precipitation also happen in East Asia. On the contrary, more fronts and the 
associated precipitation occur on both U.S. coasts in the warm ENSO events. 
6.4.3 More discussions 
In the Figs. 6.3bl and 6.3b2, the composite charts of the shortwave components of 
stream function from these individual cases as well as the precipitation observed from the 
surface charts are highly coincident with the climatology in the warm/cold ENSO 
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episodes in Figs. 6.2bl and 6.2b2. From the results of both climatology and individual 
cases, it indicates that a North Pacific shortwave train exists in the North Pacific to 
modulate the severe weather on both sides, and the location of the train fluctuates with the 
ENSO events as well as its strengths. Therefore, the shortwave train becomes 
weaker/stronger during the warm/cold ENSO events, and teleconnects the severe weather 
occurring in different regions of East Asia and North America. 
Branstator (1985) reported that the mid-latitude pattern dominating circulation 
model experiments is easily forced by anomalies over the East Indies, based on the 
response of a forced barotropic model to a south Asian forcing. In addition, Chen (2002) 
indicated that the planetary vortex stretching in the vorticity budget is a vital dynamic 
process to maintain the shortwave train. Therefore, the comparison of rainfall anomalies 
with this shortwave train's divergent circulation indicated that this wave train is induced 
by the anomalous forcing formed by cold surge vortices over the Philippine Sea. 
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CHAPTER 7. CONCLUTIONS AND FUTURE WORK 
7.1 Summary 
The atmospheric oscillations are always interesting to interpret the teleconnection 
of related weather in different regions and the resulting climate changes. So far, many 
studies have been dedicated to three main atmospheric oscillations through the 
observation data and model simulation. They are the El Nino-Southern Oscillation (ENSO) 
(Mo and Livezey, 1986; Trenberth, 1990; Shukla and Wallace, 1983; Lau, 1985; Peng et 
al., 2000; Chen et al., 1992; Chen and Yoon, 2002), the North Atlantic Oscillation (NAO) 
(Kutzbach, 1970; van Loon and Rogers, 1978; Rogers and van Loon, 1979; Serreze, 1997; 
Branstator, 2002; Lorenz, 1951), and the Arctic Oscillation (AO) (also Lorenz, 1951; van 
Loon and Rogers, 1978; Thompson and Wallace, 2000; Thompson and Hegerl, 2000). 
However, the correlation between any two of them and how they affect the regional or 
global atmosphere are still mysterious and need to be further explored. In this study, 
through observational data, the above three atmospheric oscillations show different 
impacts on the circumpolar cyclone activity. They are as follows. 
1. The ENSO and NAO events are partially correlated with the case numbers of 
circumpolar cyclones generated in East Asia and North America. They are the 
main atmospheric factors to influence weather in the North Pacific and North 
Atlantic. Therefore, in the warm/cold ENSO events, the case numbers become 
more/less with respect to more/less cylcogenesis in East Asia due to the 
cooler/warmer temperature that makes more/less cold air outbreaks. On the other 
hand, during the high/low NAO extreme phases, the enhanced/weakened 
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low-pressure area in the northern North Atlantic increases/decreases the 
occurrence of the cyclogenesis. 
2. The anomalous circulation pattern m the ENSO and NAO events forces the 
circumpolar cyclones to change the propagating routes into the stronger zonal 
wind fields in the Northern Pacific and the Northern Atlantic. That is, dynamically, 
the stronger zonal wind fields induce stronger positive vorticity advection to drive 
the circumpolar cyclones in an eastward propagation, and the negative vorticity 
stretching at the upper-troposphere induced by the divergence to generate more 
vertical motions ( or cyclogenesis) ahead of the cyclones. The sum of the vorticity 
advection and vorticity stretching is so-called quasi-geostrophic balance to 
maintain the cyclone-scale wave. 
3. The AO has a global influence. Thus, the length of the trajectory is mainly affected 
by this atmospheric oscillation. When the polar vortex becomes stronger/weaker, 
the trajectory shrinks/expands to make its length shorter/longer. Besides, the 
shrinking/expanding amount at latitudes is almost the same by longitudes. This 
also reveals that the AO is a global influence, although one of the two centers of 
action reflects the NAO phenomenon in the North Atlantic. However, the more 
zonally symmetric zonal winds make the circumpolar cyclones fluctuate with 
respect to the oscillation of the enhanced/weakened polar vortex. 
4. The interdecadal variation of the anomalous circulation pattern indicates that the 
polar vortex becomes much stronger. This is not only confirmed by the EOF result 
of the geopotential height field and trajectories over the 53 winters, but also is 
shown from the life cycle with a decadal change of about -0.6 day over the past 
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half century. The shorter life cycle suggests that the circumpolar cyclones have a 
shorter propagation. Therefore, this is further evidence that the interdecadal 
change of anomalous circulation is able to affect the cyclone propagation, except 
the interannual effect summarized earlier. 
5. Since the positive vorticity advection and negative vorticity stretching happen 
ahead of circumpolar cyclones by the enhanced zonal wind field, this provides the 
downstream amplification to maintain these cyclones' circumglobal propagation. 
Although the vorticity budget is quasi-geostrophic to maintain the cyclone-scale 
wave, its tendency is also positive ahead of the cyclones to show an eastward 
propagation, whether under any atmospheric oscillation condition or in regular 
winters. 
6. The teleconnection of severe weather in East Asia and North America is under a 
modulation of the North Pacific shortwave train. The teleconnection train is 
weaker/stronger in the warm/cold ENSO events, revealed from the concordance of 
the shortwave component of streamfunction cells. The observed occurrence of 
surface fronts confirms this relationship and the case numbers show the different 
strengths of the teleconnection train in the ENSO extreme phases. More 
teleconnection cases happen in January than December, followed by February. 
7. The NSIPP model daily data shows a PNA-like pattern during the ENSO events, 
due to the anomalous SSTs in the Nifio3.4 area as the boundary condition. The life 
cycle of circumpolar cyclones registered from this data set correlates well with the 
fluctuation of anomalous SSTs. However, the model does not simulate the same 
periods of the AO and NAO events determined by the observation data. Instead, it 
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has its own fluctuation of the AO and NAO, and the anomalous circulation pattern 
shows an influence on the circumpolar cyclones, but with different trough areas to 
extend the trajectory southward with respect to the observation data. 
In general, the ENSO and NAO events make an interannual regional influence on 
the circumpolar cyclones revealed from the case numbers, and the AO makes a more 
global variation on the circumpolar cyclones' propagation length. Even so, all the 
atmospheric oscillations show the same interdecadal change in the North Hemisphere. 
Therefore, it is hard to tell under which atmospheric oscillation the interannual variation is 
more important or significant for the changing weather. 
For the interdecadal influence from the following table 7 .1, the E 1 intde\Z500) 
under the ENSO and NAO can represent more atmospheric phenomena than the AO. The 
NAO's correlation between the El intde\Z500) and the interdecadal circulation anomalies 
is the highest. However, the interdecadal AO variation displays a more zonally symmetric 
pattern with three equivalent centers of action to deepen the polar vortex. Therefore, the 
AO index contains not only the biggest interdecadal variation, but also regional 
significance in North Pacific and North Atlantic to be a more comprehensive influence on 
the circumpolar cyclone activity. 
Table 7.1 Rates of El intde\Z500) and the correlation between El intdec(Z500) and the 
relatively interdecadal circulation anomalies (units: %) under different 
atmospheric oscillations. 
ENSO NAO AO 
El mtdec(Z500) 97.9 65.7 41.7 
Correlation 91.2 99.4 91.8 
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7.2 Future Work 
This study confirms that the anomalous circulation fluctuates with different 
atmospheric oscillations, and the circumpolar cyclone activity reveals the interannual and 
interdecadal variations. However, some phenomena and dynamical processes are still not 
so clear and more future research is needed, such as the following. 
1. The ENSO and NAO are used to interpret the regional influence of the anomalous 
circulation pattern on the circumpolar cyclone activity, and the AO seems not to be 
able to combine the two oscillations to show the interannual variation. Is there any 
other atmospheric oscillation that can combine all the known characteristics? So 
far, the discussion focuses on the northern mid-latitude. Therefore, we need similar 
studies about the Southern Hemisphere. Are there similar oscillations to affect the 
cyclones or even make them circumpolar propagation? 
2. The life cycle shows a decadal trend of about -0.6 days over half century. This 
indicates that whole storm tracks shrink poleward to make the moist weather 
system northward. This suggests that the more-rain-than-normal areas in the 
subtropical and mid-latitude areas may become drier and the high-latitude areas 
become moister. Can it happen? Is there any returning flow to balance such an 
anomalous climate? 
3. From the time series of interdecadal oscillations, it is revealed that a climate 
transition happens in the winter 1976/77. Adding some other longer observation 
data, can this climate transition shift? Or, could another negative climate transition 
possibly take place some 20 years later, because a period of climate transition 
seems to change the polarity about every 25 years? 
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4. The teleconnection of severe weather on both sides of the Pacific is recorded by 
the observation data. However, the strength of the North Pacific shortwave train 
affects the occurrence of teleconnection cases; that is, the concordance of the 
shortwave component of the streamfunction cells affects the route of the train and 
the correlation of severe weather. Can it possibly be due to the anomalous SSTs in 
the different ENSO extreme phases, and simulated by the forecasting models? If 
not, can this mechanism be applied to improve the long-term forecasting or 
middle-range forecasting? 
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APPENDIX A. SCHEMATIC DIAGRAMS OF ENSO EXTREME 
PHASES 
Fig. A-1 
Warm ENSO phase shows 
warmer sea surface 
temperatures in the eastern 
equatorial pacific, which 
induce more vertical motion 
as well as larger amount of 
precipitation. 
Fig. A-2 
Cold ENSO phase shows 
cooler sea surface 
temperatures in the eastern 
equatorial pacific but 
warmer in the western 
equatorial Pacific. More 
vertical motion as well as 
larger precipitation occurs in 
the western equatorial 
Pacific. 
(From the website: 
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensocycle/enso_cycle.html.) 
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APPENDIX B. SCHEMATIC DIAGRAMS OF NAO EXTREME 
PHASES 
Fig. B-1 
Warm phase: positive NAO 
extreme phase shows a deeper-
than-normal Icelandic low around 
Greenland and a higher-than-
normal subtropical high in the 
southern North Atlantic. It is 
wetter in North America and 
Europe. More storms are 
generated due to the enhanced jet 
from the larger pressure gradient. 
Fig. B-2 
Cold phase: negative NAO 
extreme phase shows a weaker-
than-normal Icelandic low around 
Greenland and a weaker-than-
normal subtropical high in the 
southern North Atlantic. It is drier 
in North America and Europe. 
Fewer storms are generated due to 
the weakened jet from the smaller 
pressure gradient. 
(From the website: http://www.ldeo.columbia.edu/NAO.) 
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APPENDIX C. SCHEMATIC DIAGRAMS OF AO EXTREME PHASES 
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Fig. C-1 
Warm phase: positive AO 
extreme phase shows a 
deeper-than-normal low 
pressure in the polar region 
and more warm water flowing 
from the North Atlantic into 
the Arctic Ocean. 
Fig. C-2 
Cold phase: negative AO 
extreme phase shows a 
weaker-than-normal low 
pressure in the polar region 
and little warm water flowing 
from the North Atlantic into 
the Arctic Ocean. 
(From the website: http://tao.atmos.washington.edu/ao1 .) 
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APPENDIX D. JMA AND NMC SURFACE CHARTS 
53 2 25 09 
FEBRUARY 25 tet3 
Fig. D-1 JMA surface chart. The severe weathers, such as fronts, associated precipitation 
and low pressure, are recorded to compare with those from the NMC surface 
charts, in order to find out the teleconnection cases. 
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Fig. D-2 NMC surface chart. The severe weathers, such as fronts, associated precipitation 
and low pressure, are recorded to compare with those from the JMA surface 
charts, in order to find out the teleconnection cases. 
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APPENDIX E. VORTICITY BUDGET FIGURES 
( a) [V(850mb) ,P] 
gooNrrnn~'J'IT'.TTT7Tir--r-W::7??~~~~~ 
30°N 
EQ 
(b)[ - .fV ·V(200mb)] 
90°N.--------r--.-----r---
60°N 
30°N 
EQ 
90°N 
( c ) [ - ?;V · V ( 2 0 0 m b)] 
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120°E 
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(e)[ - va(! ay(200mb)] 
(f) [ - v {3 (200mb)] 
180° 120°w 
Fig. E (a) The 850-mb streamline chart superimposed with precipitation (greater than 
2/10mm·dai1 is slightly/heavily stippled). (b), (c), (d), (e) and (f) partially 
represent each term of the 200-mb vorticity budget equation. They are -JV ·V, 
-sV ·V, -ua'(jax, -va'(jay, and-v/3, etc. The contour interval is 1 X 10-10s-2 and the 
case location is denoted by the symbol x. 
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